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ABSTRACT

The California Blue Mine Pegmatiteagecently discovered gem aquamarine- and topaz-
bearing deposit near Yucca valley in southern California, and is the first significant gem-bearing
pegmatite discovered north of the Southern California gem districts (Hunerlach, 2012). Aside
from large-scale mapping by the USGS and field work necessary for mining, little research has
been conducted on the deposit. The purpose of this thesis is to provide a catalogue of the
mineralogy, textures, zoning, and geochemistry of the California Blue Mine pegmatite, and to
synthesize these observations into a petrogenetic model. This research combined mineralogical,
textural, and geochemical field and hand sample observations with lab analyses, including
optical microscopy, field emission scanning electron microscopy (FE-SEM), automated
mineralogy, electron microprobe analysis (EMPA), and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). A distinct textural and mineralogical zoning has been
identified in the pegmatite, including a border zone, wall zone, intermediate zone, and core zone,
as well as several miarolitic pockets. The presence of these zones and pockets indicate a
transition from magmatic to hydrothermal processes during pegmatite formation, an assertion
which is supported by geochemical and textural data in beryl. Beryl shows three types of textures
coinciding with three stages of crystallization: Type i) distinct to gradational concentric core
zoning, produced in the intermediate zone by magmatic processes; Type ii) transitional patchy
rim zoning, produced in the core zone by magmatic processes and mild metasomatism, and Type
iii) pervasive alteration rims caused by intense hydrothermal alteration. Beryl cores are enriched
in Al, and rims are enriched in Sc, Na, Fe, and Cs; the coupled replacemetitaricSEé" for

Al%* on the octahedral site with Nand C$ on the beryl channel site is the most important



substitution mechanism in the beryl and defines the transition from Type i) to Type iii) textures.
A combination of this octahedral site substitution and coupled substitutiof foff IBe’* on the

Be tetrahedral site with alkali cations in the channel site characterizes the Type ii) and Type iii)
textures. Metasomatic rims of beryl are characterized by enrichment in Li and Cs. The overall
evolution of the pegmatite can be subdivided into three stages based on mineral paragenesis and
beryl geochemistry. Stage 1 represents crystallization of the quartz, perthitic K-feldspar, albite,
biotite, spessartine, and TypeAi)-enriched beryl in the border, wall, and intermediate zones of
the pegmatite, produced by fractional crystallization and subsequent melt enrichment in Li, Be,
and Sc. Stage Il includes the formation of graphically intergrown quartz and albite and Sc-, Na-,
and Fe-enriched Type ii) beryl in the pegmatite core by metasomatism from an aqueous fluid
separated from the original melt, and Stage Il represents the final crystallization of the
miarolitic pockets from ponding of the aqueous fluids, producing gem smoky quartz, topaz, and
Type iii) beryl enriched in Li and Cs. We conclude that the California Blue Mine pegmatite
contains mineralogy similar to NYF-type pegmatites but metasomatic Li and Cs overprinting
similar to LCT-type pegmatites, and thus requires more research to classify as either LCT- or

NYF-type.
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CHAPTER 1
GENERAL INTRODUCTION

The California Blue Mine is a recently discovered gem aquamarine- and topaz-bearing
pegmatite located ~15.4 km northwest of Yucca Valley in San Bernardino County in southern
California (Hunerlach, 2012). After the discovery of the first aquamarine beryl there in May
2006, a claim was staked in 2007, preliminary hand excavation of easily accessible topaz and
aguamarine pockets occurred for five years. From 2011 to 2013, four excavations using heavy
machinery were conducted. The Bureau of Land Management approved a further mining plan in
2016, and mining has continued at a rate of approximately two excavations per year to the
present (Merkel, 2016). While the California Blue Mine is a relatively small deposit, studying
the main pegmatite, its miarolitic pockets, and its beryl offers insight into the influences of
magmatic vs. hydrothermal processes on the formation of the deposit, the factors that influence
gem beryl crystallization. Aside from geologic mapping of the area on a 7.5-minute-quadrangle
scale by the USGS (Dibblee, 1967a, 1967b, 1967c, 1967d), very little previous investigation has
been performed on the California Blue Mine. Studies on the site during mining sinclee2606
recorded overall mineralogy and field relations of the pegmatite, and some preliminary bulk rock
geochemistry has been performed as well. In this study, we investigated thin-section and field
scale zoning, textures, and mineralogy of the pegmatite, and the geochemistry of beryl recording
different evolution stages of the pegmatite. The major goals of this research were to answer the
following questions

1) How is the pegmatite texturally zoned, and what mineral assemblages are present in

each zone?



2) Can the major and trace element composition of beryl, both within crystal core to rim
zoning and within different zones of the pegmatite, be used to resolve magmatic vs.
hydrothermal signatur@s

3) Can we petrogenetically synthesize the mineralogy, texture, and mineral chemistry
observations into a formation model for the pegmatite dike?

This research is the first detailed petrological study of the California Blue Mine deposit,
which creates potential for several new discoveries. Thin section microscopy allows textures and
mineralogy of the pegmatite to be systematically catalogued and related to pegmatite zoning. The
use of quantitative geochemical methods for beryl analysis such as EMPA and IASCP-
allows better understanding of the formation of the pegmatite and comparison to other beryl-
bearing pegmatites around the world. The overall objective of this thesis is to synthesis the
petrological observations into a petrogenetic model for the magmatic to hydrothermal evolution
of the pegmatite and beryl. The resulting study will provide a baseline investigation for future
research of the California Blue Mine and yield insights about magmatic vs. hydrothermal

signatures in beryl formation which may be applied to other beryl-bearing deposits.



CHAPTER 2
MINERALOGY AND PETROGENESIS OF THE CALIFORNIA BLUE MINE
AQUAMARINE- AND TOPAZ-BEARING PEGMATITE DEPOSIT,
SAN BERNARDINO COUNTY, CALIFORNIA
A paper to be submitted famerican Mineralogist

Carolyn Pauly’

2.1. Abstract

The California Blue Mine is a recently discovered aguamarine- and topaz-bearing
granitic pegmatite in San Bernardino County, California. Research into pegmatite evolution has
traditionally focused on igneous processes, but the presence of hydrothermal alteration and
miarolitic pockets suggests that the California Blue Mine is an ideal place to study the extent to
which hydrothermal processes influence mineralization of economically significant mineral
phases. The goal of this study was to document the mineralogy and textures of the California
Blue Mine pegmatite body, examine magmatic vs. hydrothermal influences on the trace element
geochemistry of beryl, and classify the pegmatite in the Nb-Y-F (NYF) vSsilia (LCT)
scheme. In this study, we combined petrological field and thin section scale observations with
mineralogical and geochemical data, focusing on the properties of beryl. The major mineralogy

of the pegmatite includes quartz, K-feldspar, plagioclase (i.e., albite and cleavelandite variety),

*Corresponding author.
Department of Geology and Geological Engineering, Colorado School of Mines, 1516 lllinois
St., Golden, Colorado 80401, USA.



biotite, muscovite, beryl (i.e., aguamarine variety), spessartine, and topaz. At least three stages of
mineralization could be distinguished, including a magmatic stage leading to the crystallization
of the main pegmatite dike, a transitional stage which crystallized the pegmatite core, and a
hydrothermal stage which produced some of the gem aquamarine in the miarolitic pldeisds.
stages were reflected in the overall pegmatite zoning from core to rim, mineral textures and the
chemistry of the beryl. The textural evolution of feldspar, for example, displays perthite
exsolution lamelleand overgrowthby a cleavelandite albite variety associated to the

transitional to hydrothermal stage. Beryl records three distinct types of textures interpreted to
coincide with the magmatic to hydrothermal stage of mineralization: Type i) distinct or
gradational concentric core zoning in beryl occurring in the intermediate zone of the pegmatite,
Type ii) patchy beryl rim textures recording a transitional metasomatic stage produced in the
core zone of the pegmatite, and Type iii) pervasive alteration rim textures in beryl formed in the
miarolitic pockets by the interaction with hydrothermal fluids. Major elements in beryl were
measured by EMPA, and trace elements were measured by LA-ICP-MS. Coupled substitution of
R2* cations such ase* for AI®* on the octahedral site and @tions such ada’ on the empty

channel sites were observed as the main substitution mechanism in beryl, increasing from core to
rim and defining the transition from Type i) to Type iii) textures described above. This chemical
zoning is defined by cores enriched in Al and rims enriched in Sc, Na, Fe, and Cs. Coupled
substitution of Li for B€* on its tetrahedral site is more prevalent in Type ii) and iii) beryl. Type

i) and iii) beryl occur more commonly on rims, and metasomatism there is characterized by
enrichment in Cs and Lin addition, Li shows a systematic inverse relationship with Sc, K, and
Rb. Three stages of pegmatite evolution, which correlate with the three types of beryl textures,

were identified. Stage 1 represents crystallization of the quartz, perthitic K-feldspar, albite,



biotite, spessartine, and Type i) Al-enriched beryl in the border, wall, and intermediate zones of
the pegmatite, produced by fractional crystallization and subsequent melt enrichment in Li, Be,
and Sc. Stage Il represents the formation of quartz, albite, mildly perthitic K-feldspar, and Sc-,
Na, and Fe-enriched Type ii) beryl in the pegmatite core by metasomatism from an aqueous
fluid separated from the original melt, and Stage Ill represents the final crystallization of the
miarolitic pockets from ponding of the aqueous fluids, producing smoky quartz, topaz,
cleavelandite, and Type iii) beryl enriched in Li and Qdore geochemical and tectonic data is
required to classify the California Blue Pegmatite within the tectonic classification scheme of
Martin and De Vito (2005) because the mineralogy of the pegmatite and early beryl chemistry is
more similar to NYF-type pegmatites, but late alteration shows overprints by Li and Cs, which

are characteristic of LCT-type pegmatites.

2.2. Introduction

Critical metals, including Be, Li, Cs, Ta, and the rare earth elements (REE), are required
for modern technologies such as computers, batteries, vehicles, and photovoltaic cells. Different
varieties of pegmatites include all of these elements, and some are primarily or solely mined
from pegmatites (Foley, 2017; Linnen et al., 2012). In addition, granitic pegmatites are a major
source of gemstones, many of which are mostly found in the miarolitic pockets of pegmatites,
including topaz, elbaite, heliodor, kunzite, spessartine, and aquamarine, the greenish-blue
variety of beryl (Simmons et al., 2012). Society is reliant enough on pegmatites as the sources of
these gems that the discovery of a single large deposit can significantly affect market prices.
Prominent gem-bearing pegmatites and pegmatite districts include the topaz- and heliodor-

producing pegmatites of Volodarsk-Volynsky, Ukraine, the elbaite-producing Pala district of



Southern California, and the Eastern Brazilian Pegmatite Province, which includes Minas Gerais
and produces kunzite, brazilianite, topaz, elbaite, aguamarine, and other'gef®D V ND
64aRZLN HW DO ORUJDQ DQG /RQGRQ PRVPWHDQL HW
Granitic pegmatites are igneous rock, mostly of granitic composition, that are
distinguished from other igneous rocks by their extremely coarse but variable grain sizes, or by
an abundance of crystals with skeletal, graphic, or other strongly directional growth habits
(London, 2014). Pegmatites are believed to form by liquidus undercooling, which produces their
characteristic graphic texture (London and Morgan, 2012). They are emplaced at a depth of ~5-
12 km with temperatures of ~700 °C and crystallize along a cooling front at temperatures as low
as 450 °C (London, 2014). Pegmatites commonly display a distinct mineralogical and textural
zoning, as well as an extreme enrichment in incompatible elements, such as Nb, Ta, Li, Cs, Be,
and REE, and exotic rare minerals, such as beryl, tourmaline, topaz, brazilianite, kunzite, and
columbite-tantalite (Morteani et al., 2000). These characteristics are variously attributed to
fractional crystallization (London and Morgan, 20E?2)d/or the presence of a fluid phase to
facilitate element mobilization, lower solidus temperatures, and/or facilitate phase immiscibility
(Thomas et al., 2012; Thomas and Davidson, 2016; Veksler et al., 2012; Veksler and Thomas,
2002). Miarolitic pockets are formed in residual melts within the pegmatites that have been
enriched in volatiles by fractional crystallization. These volatiles exsolve out as bubbles at
shallow depths and low-pressure regimes, and result in the crystallization of large euhedral
minerals typically rich in B, Li, F, and P (London, 2014, 2008; Martin and De Vito, 2005;
Simmons et al., 2012). After pegmatites crystallize, many are fractured by the fluid pressure
within their pockets, when hydrostatic overcomes lithostatic pressure, allowing hydrothermal

fluids to react with the existing magmatic minerals. This process leads to metasomatism and the



formation of hydrothermal veins that may reach into the surrounding host(fegsi et al.,
2016; Gysi and Williams-Jones, 2013; Martin and De Vito, 2014). Magmatic vs. hydrothermal
features are difficult to distinguish in pegmatites, but provide valuable insights into the mobility
of Be, Li, and other critical metals in crustal fluids. For example, in the study of Aurisicchio et
al. (2012), the composition of beryl was used to track multiple phases of metasomatism in the
pegmatites of Elba, Italy. Michallik et al. (2017) conducted a similar study on the lkuum
pegmatite in Finland. Sardi and Heimann (2014) used beryl composition to track melt evolution
in the Velasco district of the Pampeana Pegmatite Province, Argentina, and Lum et al. (2016) did
the same in the Erongo Volcanic Complex, Namibia.

While most industrial Be in the United States is derived from the mineral bertrandite, the
most common Be mineral is beryl, a hexagonal cyclosilicate with the forme#dB@01s.
Chemical substitutions are most common in the octahedraifer( AlI**, and can include
Fe*, Fe*, Mg?*, Mn?*, Cr**, and \?*. Less commonly, Al can substitute for $ion the Si
tetrahedral siteT(1). Beryllium (B€*) also occurs in tetrahedral coordinatidi2)and can be
substituted by Li (Aurisicchio et al., 2012). In order to balance the charges created by these
substitutions, large ions, including N&*, Rb, CS, and rarely C#, are seated into the
channels created by the Sit@trahedra rings. Large molecules, such #3 &hd CQ, may also
be present in these channels (Cerny, 2002a).

This study focuses on a newly discovered aquamarine-topaz deposit, the California Blue
Mine pegmatite, in San Bernardino County, California. The overall goal of this thesis research is
to describe the mineralogy and determine the petrogenesis of the California Blue Mine pegmatite
and miarolitic pockets, and to use the geochemical signatures of beryl to distinguish magmatic

vs. hydrothermal evolution stages of the pegmatite and miarolitic pockets. Major elements were



analyzed in beryl crystals using EMPA and trace elements using LA-ICP-MS. Results from this
study permit classification of the pegmatite in the scheme of Cerny and Ercit (2005), and thereby

connect the pegmatite to a specific tectonic setting according to Martin and DeVito (2005).

2.3. Geological Setting
2.3.1 Regional Geology

The California Blue Mine consists of a gem topaz-beryl-bearing granitic pegmatite dike
located in San Bernardino County, in southern California. The pegmatite is hosted in
Precambrian gneiss along the southeastern edge of the San Bernardino Mountains, one of the
mountain ranges comprising the Eastern Transverse Ranges (Garfunkel, 1974). The Eastern
Transverse Ranges sit atop the Mojave Block, a tectonically defined portion of southern
California. The Mojave Block is a continental shelf that was involved in the late Paleozoic (at
earliest) to early Tertiary Cordilleran orogeny (Garfunkel, 1974). The basement of the Mojave
Block consists of crystalline Precambrian rocks, including gneiss, phyllite, and quartzite, and
several metamorphosed sedimentary and volcanic rocks likely Paleozoic to Jurassic in age,
including metamorphosed granites and Mississippian limestones and dolomites (Garfunkel,
1974; Miller and Morton, 1980). The emplacement of several granitic batholiths of late
Mesozoic to very early Tertiary age during a period of subduction and magmatic arc construction
led to deformation of the metamorphic rocks (Garfunkel, 1974; Miller and Morton, 1980). This
period of deformation overprinted structures from Precambrian to early Mesozoic events and
ended at approximately 80 Ma (Cheadle et al., 1986). The Mojave Block experienced a period of

uplift and an estimated 3 km of erosion around 45 Ma (Cheadle et al., 1986) and subsequently



experienced a NE-SW extension (Ammon and Zandt, 1993). Further intermediate to silicic
intrusions in the area occurred between 20 and 17 Ma (Ammon and Zandt, 1993).

The San Bernardino Mountains extend for approximately 95 km along the edge of the
Mojave Desert in southern California. The range is composed chiefly of intermediate granitic
Mesozoic rocks, mostly quartz monzonite, with smaller patches of Precambrian metamorphic
rocks, Paleozoic carbonates, Pliocene basalts and sedimentary rocks, and Quaternary alluvium
(Miller and Morton, 1980). The San Bernardino Mountains are bounded on all sides by reverse
and reverse-slip faults which are part of the San Andreas fault system (Miller and Morton, 1980;
Spotila et al., 1998). Similar faults cut through the San Bernardino Mountains, dividing them into
several tectonic blocks which were uplifted during the Cenozoic (Blythe et al., 2000; Garfunkel,
1974). While the exact movement of each block in the area has not been determined, the current
iteration of the San Bernardino Mountains as a whole was uplifted at 2 to 3 Ma (Spotila et al.,

1998).

2.3.2 Local Geology

The study area is located ~15 km north-northwest of the city of Yucca Valley at
coordinates 34.14'57.64"N, 116.28'30.39"W. The California Blue Mine consists of a ~50-meter-
long exposure of a pegmatite dike emplaced afoecambrian gneiss. A geological map is
shown in Figure 2.1 with the different lithologies. Other rocks in the area include late Mesozoic
to Tertiary granitic intrusions, Tertiary basalts, and Quaternary surficial deposits. A swarm of
east-trending pegmatites to the southwest, and a basalt platform, known as Black Lava Butte, to

the south of the mine site were observed from afar (Dibblee, 1967a, 1967b, 1967c, 1967d).



200 km

Lithologic Units Geological Symbols

Pleistocene to Recent ., " | Mesozoic quartz \ Geologic contact
surficial sediments .. "1 monzonite
- Pleistocene to Pliocene Mesozoic biotite \ Fault
Basalt of Black Lava quartz monzonite
Butte - Precambrian gneiss = Inferred fault (dashed)
| E Mesozoic quartz latite N
dikes x Mine
E Mesozoic pegmatite
and aplite dikes

1 Point of interest

Figure 2.1: Geological map of the Yucca Valley region, California, showing the surrounding
geology of the California Blue Mine pegmatite. The California Blue Mine is indicated by the star
at Point of Interest 1, and nearby migmatites are indicated at Point of Interest 2. Modified from
Dibblee (1967a, 1967b, 1967c, 1967d).
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The protolith of the host gneiss is postulated to be sedimentary in origin (Dibblee, 1967a,
1967b, 1967c, 1967d), with gradational contacts into migmatite observed across the valley to the
northeast from the mine. Peak metamorphic temperatures have been estimated at 600 to 650 °C
(Powell, 1981). Based on U-Pb zircon dating of the Precambrian intrusions and quartzites near
Big Bear City in the San Bernardino Mountains, the host gneiss is thought to be older than 1750
Ma (Miller and Cossette, 2004; Silver, 1971). Hand sample observations of the host gneiss are
largely consistent with the description of the Music Valley Gneiss, a part of the Pinto Gneiss
(Powell, 1981); this unit may also have been previously referred to as the Baldwin Gneiss (Matti
and Morton, 2000). The host gneiss is represented by the dark green unit in Figure 2.1. Based on
crosscutting relationships with the quartz monzonite, the California Blue Mine pegmatite is
estimated to be of Late Jurassic to Early Cretaceous age (Dibblee, 1967d, 1967a; Miller and
Morton, 1980). Other intruding pegmatite, aplite, and quartz latite dikes in the area are upto 5 m
thick and are also presumed to be Cretaceous based on cross-cutting relations with the quartz
monzonite (Dibblee, 1967a, 1967c, 1967d). The quartz monzonite has been dated to 89 = 10 Ma
by U-Pbdating in zircon and in the 70-80 Ma range byAKeating in biotite (Dibblee, 1967d;

Miller and Morton, 1980); it has been referred to in the past as the Cactus Granite (Dibblee,
1967d). The basalt of Black Lava Butte, as well as other basalt outcrops in the area, are lava

flows which can be up to 120 m thick as composites (Dibblee, 1967b). These flows are thought

to be Pliocene to Pleistocene in age, although some may be as old as Oligocene, and are assumed
to be extruded from fissures or vents related to faults in the area (Dibblee, 1967d). While not all
units are named in this area, they are correlative with the Basalt of Nebo Buttes and the Basalt of

Ruby Mountain Area (Dibblee, 1967c, 1967d). Much of the area to the east is also covered in
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Quaternary surficial sediments including alluvium, fanglomerate, and landslide rubble, and
ranging in grain size from silt to boulders (Dibblee, 1967a, 1967b, 1967c, 1967d).

At the California Blue Mine, the main pegmatite sheet outcrops roughly horizortad
to 100 cm thick, with a length ~50 m along the mine face on the southeast-facing side of a hill
(Figs. 2.2a-b). The pegmatite is directly intersected by a fault which runs roughly parallel to the
strike of the main dike. Although outcrop is unclear, the fault is interpreted to be a reverse fault
which dips to the north; the main dike on the hanging wall to the north of the fault appears to be
split into three sheets (Fig. 2.2a). Foliation in the host gneiss is nearly vertical at the field site
(Fig. 2.2c¢), while the main dike of the pegmatite dips approximately 20 degrees to the northwest
and produced several concordant pegmatite and aplite dikelet offshoots above the main dike (Fig.
2.2d); no offshoots were observed below the dike. Some concordant dikelets display short,
discordant offshoots as well. These dikelets range from 30 to 50 cm wide and 80 to 200 cm tall.

Other geological features in the area include migmatites, an intrusive porphyritic body,
and several hydrothermal quartz veins approximately two km northeast of the California Blue
Mine (Fig. 2.2). The migmatites show areas of gneissic rock surrounded by the quartz
monzonite, which in places becomes coarse-grained to form pegmatites and contains partially
digested migmatized gneiss (Fig 2e). Slightly to the northeast of the migmatites, mm-sized
garnets are also found in the Pinto Gneiss, which may indicate peak temperature conditions in
the amphibolite or granulite facies during the formation of the migmatites. These features are
near an intrusive porphyritic body which contains cm-sized euhedral feldspar grains (Fig. 2.2f);
it is of a more mafic composition than the quartz monzonite which dominated the area and may
be the biotite quartz monzonite seen on the western portions of Figure 2.1 (Dibblee, 1967a,

1967d).
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quartz host
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pegmatite/'. -
Figure 2.2: Field relations of the California Blue Mine and surrounding geology. (a) A
generalized section of the pegmatite before mining, showing the main pegmatite dike, upward
vents, miarolitic pockets, and a reverse fault. Modified from Merkel (2016). (b) Mine exposure
during excavation work in October 2016. The approximate outline of the pegmatite is indicated
in yellow. (c) A section of the mine wall showing the vertical foliation and varying layer
thicknesses of the host gneiss. (d) A section of the mine wall showing the main dike cutting the
vertical foliation of the host gneiss, and a concordant aplite dikelet venting off the top of the
main dike. (e) A sample of migmatites found to the northeast of the mine site. (f) A Tertiary
intrusion with large feldspar phenocrysts cutting the host gneiss; found near the migmatites in

(e).
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2.4 Methods
2.4.1 Field Work and Sampling

Forty samples of the pegmatite and surrounding geology of the California Blue Mine
were collected, and the zoning of the pegmatite in the current mine site exposure was
documented. Samples were selected to represent the host rock, miarolitic pockets in the
pegmatite, and every visible zone of the pegmatite, including border, wall, intermediate, and
core. Samples of the pegmatite zones were collected both from the main dike and from the
concordant dikelets (Figs. 2.2d and 2.3a). Twenty-three thin sections have been prepared from
these samples, as well as nine epoxy mounts from different pegmatite zones, key mineral
assemblages, and hydrothermal mineralization. Two of these epoxy mounts contain nine beryl
crystals from the pegmatite which have been cut perpendicular to the c-axis for further;analysis

information about beryl sampling locations is available in Table A.1.

2.4.2 Analytical

Mineral textures and zoning in beryl were studied in back-scattered electron (BSE) mode
using a TESCAN MIRA3 LMH Schottky field emission (FE) scanning electron microscope
(SEM) at the FE-SEM Laboratory in the Department of Geology and Geological Engineering,
Colorado School of Mines. An acceleration voltage of 15 kV and a working distance of ~10 mm
were used for analysis. Semi-quantitative analyses were carried out using a Bruker XFlash® 6/30
silicon drift energy dispersive X-ray spectrometer (EDS) and using the Quantax Esprit software
for identification of minerals in the pegmatite and the chemical compositions of specific grains.
Nine carbon-coated epoxy mounts of minerals, including the pegmatite, its contact with the host

rock, beryl, topaz, schorl, and hydrothermal alteration minerals were analyzed. These analyses
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focused on determining the composition of the feldspars, especially albite-anorthite content of
plagioclase and transitions to K-feldspar.

Automated mineralogy analysis was carried out using TESCAN-VEGA-3 Model LMU
VP-SEM Integrated Mineral Analyzer (TIMA) SEM coupled with 4 EDS detectors, and the data
interpreted using the TIMA3 analytic software suite at the Automated Mineralogy Laboratory in
the Department of Geology and Geological Engineering, Colorado School of Mines. An
acceleration voltage of 25 kV, a working distance of 15 mm, a spot size of 1 um, and a step size
of 3 um were used for analyses. Minerals were identified at each point by automated matching of
X-ray counts with mineral phase definitions in a Species Identification Protocol (SIP) list; first-
fit comparison was used to match each point with a mineral. The TIMA software was then used
to compile the data in area percent, mass percent, and volume percent counts in a lookup table,
from which mineralogy maps were derived. Garnet composition was split by manually defining
the compositional limits of almandine and spessartine, in order to better illustrate any zoning
SUHVHQW 32WKHU PLQHUDOV® UHIHUV WR VHYHUDO PLQRU St
scan. X-ray energy counts were similarly matched with element definitions in the SIP to create
element maps. Mineral and element maps of the pegmatite illustrate textural relationships
between minerals and any trends in their distribution in various zones of the pegmatite. Targeted
textures included cleavelandite, perthitic exsolution, myrmekite, and graphic intergrowth of
feldspar and quartz.

Major elements in beryl were analyzed on carbon-coated epoxy mounts using a JEOL
JXA-8230 Superprobe at the University of Colorado Boulder. The analyses included linear
traverses from corts-rim or rim-+to-rim of nine different beryl crystals and element distribution

maps. A beam current of 20 nA, a beam diameter of 3 to 5 um, and an acceleration voltage of
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15.0 kV were used. Five wavelength-dispersive spectrometers (1-TAP, 2-PET-L, 3-PET-L, 4-
LiF-L, 5-LiF-L) were used for quantitative measurement of 12 elements on the following X-ray
energy lines (Table 2.1): (1) Si-:  $0. iD 0J.. 54H. -, &V & D
L. 6F. JH 0€ . WDS counting times were 60 s for Cs, Sc, and Mn, 40 s
for Na and Fe, 30 s for Si, Al, Rb, and K, and 20 s for Mg, Ca, and Ti. Because of reproducibility
issues with data acquired from WDS 1, Si and Al data collected by EDS were used; Si and Al
counting times on EDS were both 60 s. A Mean Atomic Number (MAN) background correction
was used instead of background measurements because of its effectiveness in correcting minor
elements and high-concentration (200-500 ppm) trace elements (Donovan et al., 2016; Donovan
and Armstrong, 2014; Donovan and Tingle, 1996). The natural Astimex mineral standards used
for matrix correction were: Albite Amelia, Si and Na; Almandine NY, Fe; diopside, Mg;
labradorite, Ca; orthoclase, K; pollucite, Cs; rhodonite, Mn; and topaz, Al. The synthetic
Astimex mineral and metal standards used were: rubidium titanium phosphate (RbREO
rutile, Ti; and Sc metal, Sc. Full data for all 160 usable spots are available in Table B.1.

Table 2.1: Electron microprobe (EMPA) specifications for each element analyzed in this study.

Element Standard Crystal Counting time (s) Detection limit (wt.% oxides)
Si Albite Amelia TAP 30 (60 EDS) 0.014
Al Topaz TAP 30 (60 EDS) 0.013
Na Albite Amelia  PET-L 40 0.004
Mg Diopside PET-L 20 0.005
Rb RbTIPGs PET-L 30 0.008
K Orthoclase PET-L 30 0.005
Cs Pollucite PET-L 60 0.011
Ca Labradorite LiF-L 20 0.008
Ti Rutile LiF-L 20 0.012
Sc Sc Metal LiF-L 60 0.006
Fe Almandine NY  LiF-L 40 0.012
Mn Rhodonite LiF-L 60 0.010
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Trace elements in beryl were measured by LA-ICP-MS at the US Geological Survey at
Denver Federal Center. Four beryl crystals from the EMPA analysis were selected based on
visible zoning in backscattered photomicrographs. A Photon Machines Analyte G2 LA system
(193 nm, 4 ns excimer) was coupled to a PerkinElmer DRC-e ICP-MS. Spot analyses were used
for individual analyses of known location. A wavelength of 193 nm was used. Ablation was
carried out using an 80-micrometer square spot size at 12 J&ingle spot analyses were
ablated using 15 pulses/sec (15 Hz). Beryl crystals were analyzed d-cioneand one rinto-
rim traverse. Ablated material was transported via a He carrier gas to a modified glass mixing
bulb where the Hesample was mixed coaxially with Ar prior to the ICP torch. Concentration
and detection limit calculations were conducted using the protocol of (Longerich et al., 1996).
Signals were calibrated using USGS synthetic basalt glass GSE-1g. The reference material
(GSE-1g) was analyzed 5 times at the beginning of the analytical session and monitored
throughout the session for drift. Silicon (29Si) was used as the internal standard elemgnt (usin
an average Si wt.% content from the EPMA data) for concentration calculations. Signals were
screened visually for heterogeneities such as micro-inclusions or zoning. Full data for all 170

spots are available in Appendix C.

2.5 Results
2.5.1. Pegmatite zoning and textures

The pegmatite is well zoned from the wall rock to the core of the pegmatite (Fig. 2.3a-c);
all sections of the pegmatite appear to contain a border zone and an intermediate zone, and
different sections variably have a wall zone, a core zone, or both. The border zone is a thin (mm

to cm thick) fine-grained granular layer which surrounds the pegmatite body in contact with the
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Figure 2.3: A summary of pegmatite zoning. (a) A pegmatite dikelet showing pegmatite zones in
situ. (b) A close-up image of a miarolitic pocket, showing larger grains and aquamarine. (c)
Hand sample CBM-12, showing the division of pegmatite zones and their textural differences.
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host rock. The wall zone surrounds the pegmatite, is dominated by a unidirectional solidification
texture (UST), and has a thickness on the cm-scale. The intermediate zone shows a distinct
increase in crystal size to very coarse, cm-sized crystals fromnthgized crystals of the wall

zone. The core zone is the innermost zone and usually contains more quartz than other zones
(London, 2014). Miarolitic pockets are present within the core zones of the thicker parts of the
pegmatite and are partially filled with red-green clay minerals (Fig. 2.3b). The pegmatite consists
of garnet, beryl, quartz, topaz, plagioclase (mostly albite), cleavelandite, K-feldspar, fluorite,
biotite, muscovite, and minor zircon, apatite, monazite, allanite, titanite, columbite, and schorl
with modal mineralogy given in Table 2.2.

Table 2.2: Summary of mineralogy observed in the California Blue Mine Pegmatite.

Mineral Mode in Pegmatite =~ Mode in Miarolitic Pocket
Quartz 25 - 70%, clear 40 - 90%, smoky
Albite 10 - 70% 0 - 30%
Cleavelandite None 0 - 65%
K-feldspar 5-85% 0 - 30%

Biotite 2-15% 3-10%
Muscovite <1% 0-3%

Beryl 0-5% 0-15%

Garnet 0-5% None

Topaz None 0-10%

Clay Minerals None 0-5%

Fluorite None 0-2%

Apatite <1% None

Zircon <1% <1%

Monazite <1% <1%

Allanite <1% <1%

Titanite < 1% None

Schorl <1% <1%

Columbite None < 1%

Barite None <1%

The border zone of the pegmatite is 0.2 to 100 mm thick granitic layer at the gneiss

contact with a fine-grained equigranular texture (Fig. 2.4b) consisting of quartz, K-feldspar, Ca-
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rich plagioclase, and biotite. Minor muscovite and zircon are also present, and some borders
contain minute (<1 mm) spessartine grains. Grains range from euhedral biotite and spessartine to
anhedral quartz and feldspar. The host gneiss has a well-defined foliation with alternating 1-2

mm dark gray to black lepidoblastic fine grained biotite bands and white granoblastic quartz-
feldspar bands. The grains in the biotite bands are moderately oriented parallel to the foliation.
The white bands consist of fine- to medium-grained quartz, plagioclase, and perthitic K-feldspar
(Fig. 2.4a). Muscovite occurs as an alteration of the feldspars, and occasional idioblastic to
rounded zircons are scattered throughout both bands, both less than 0.5 mm in size. The gneiss
is composed of 45 to 65% quartz, 20 to 40% plagioclase, up to 20% perthitic K-feldspar, 5 to
15% biotite, and minor muscovite and zircon.

The wall zone of the pegmatite contains quartz, K-feldspar, plagioclase, and biotite. In
some places, euhedral small (<1 mm) spessatrtine crystals line the margin between the wall and
the intermediate zones; spessartine rarely occurs elsewhere within this zone. Other minor phases
include muscovite and zircon. A well-developed UST is defined by ~1 cm long euhedral quartz
and K-feldspar crystals (Fig. 2.4c). The zone ranges in thickness from approximately 1 to 7 cm.
Many spessartine grains show dissolution textures and replacement by quartz and albite (Fig.
2.4d). Fluid inclusions are observed in the pegmatite and miarolitic pockets as well. Fluid
inclusions in the wall zone occur as radiating sprays in garnet; several of these contain a single
vapor bubble and/or possible hydrocarbons (Fig. 2.5a). Some myrmekite intergrowth of quartz
and plagioclase on the margins of K-feldspar crystals is also noted.

Mineralogy in the intermediate zone of the pegmatite consists of quartz, K-feldspar,
albite, biotite, beryl, and spessartine. Fine-grained zircon, titanite, schorl, monazite, allanite, and

apatite occur as accessory minerals. The thickness of this zone ranges from approximately 5 to
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Figure 2.4: Thin section textures in the California Blue Mine pegmatite. (a) Overview sample of
the host gneiss. XPL. (b) A sample from the host rock-pegmatite contact showing the host rock,
border, and wall zones. PPL. (c) A sample from the wall zone showing UST texture; host rock
contact is to the right. (d) Sample D3-3 of the wall zone showing garnet dissolution textures.
XPL. (e) The wall and intermediate zones show grains with myrmekite. XPL. (f) A sample of the
wall to intermediate zone showing the lines of garnets and albite laths that define the sub-zoning
in the wall zone. XPL. (g) Sample 3-2 of the intermediate to core zone showing a beryl grain
with inclusions and reactions with adjacent cleavelandite (h) A skeletal quartz grain from the
core to pocket zone, showing graphic texture. XPL.
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Mineralogy in the intermediate zone of the pegmatite consists of quartz, K-feldspar, albite,
biotite, beryl, and spessartine. Fine-grained zircon, titanite, schorl, monazite, allanite, and apatite
occur as accessory minerals. The thickness of this zone ranges from approximately 5 to 40 cm
with an increase in grain size from the wall zone to coarse grains up to 2 cm long and 1 cm wide,
including crystals of quartz, feldspars, beryl, spessartine, and biotite. The wall and intermediate
zones also show radiating clots of acicular zircon. This stands in direct contrast with zircons
found in the host rock and core, which display a more conventionally blocky, prismatic shape.
Fluid inclusions occur in zircons; several of these contain a single vapor bubble and/or possible
hydrocarbons (Fig. 2.5b). Minor myrmekite occurs in this zone (Fig).2rtergrowth of the

guartz and feldspars creates a distinct graphic texture, and some quartz grains are skeletal.

0.05 mm|

Figure 2.5: Fluid inclusions in thin section. (a) Sample 12-2 from the wall zone showing fluid
inclusions in garnet. PPL. (b) Sample D3-3 showing zircon grains with fluid inclusions at the
wall to intermediate zone. PPL. (c) Sample 2-2 from a miarolitic pocket showing negative-
crystal shape fluid inclusions in quartz. PPL.

In some samples, a textural sub-zoning was noted between the wall zone and intermediate
zone. Along the pointed edge of the wall zone UST, a line of fine, euhedral garnets is present

perpendicular to the UST grains. Past the garnets, a line of fine plagioclase laths oriented parallel
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to the pegmatite-host rock contact is present before the larger grained texture of the intermediate
zone becomes prevalent (Fig. 2.4f).

The core zone of the pegmatite is 3 to 10 cm thick and composed almost exclusively of
guartz, K-feldspar, and albite, with minor beryl, zircon, biotite, muscovite, and green fluorite.
Grain size increases further, and quartz, albite, and K-feldspar grains can be up to 5 cm in size
(Fig. 2.3c). Beryl crystals are up to 1cm in size, and zircon, biotite, muscovite, and fluorite occur
in mm-sized masses of fine-grained crystals. The albite begins to grade into cleavelandite in
places, especially around beryl, but it occurs as anhedral clots because no vesicles are present
(Fig. 2.49). Potassium-feldspar shows perthitic exsolution lam@lh&ecore zone shows a more
prevalent graphic texture of quartz and feldspar intergrowth (Fig 4h) than the intermediate zone
and is further distinguished by a lack of myrmekite. Some thinner sections of the dike and
dikelets do not appear to have a texturally distinct core zone; the mineralogy in the innermost

part of the dike appears similar to that of the intermediate zone in these places.

2.5.2 Miarolitic Pockets

Miarolitic pockets occur across the entire mine exposure, either in the centers and
offshoot of the concordant dikelets or at the intersection of the dikelets with the main dike (Fig.
2.2a). The pockets are usually ellipsoid and are approximately 40 to 60 cm tall and 30 cm wide.
Two distinct varieties of miarolitic pockets are noted. Type | pockets show a more diverse
mineralogy, including smoky quartz, biotite, cleavelandite, potassium feldspar with perthitic
exsolution, aquamarine beryl, heavily etched green fluorite, topaz, and occasional columbite
(Fig. 2.6). Type | pockets show no distinct zoning, and their crystals are usually 1 to 10 cm in

size. Type Il pockets only include potassium feldspar crystals, up to 25 cm in size, with a coating
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of fine-grained muscovite, euhedral topaz crystals up to 10 cm long, and euhedral smoky quartz
crystals 3 to 12 cm in diameter. These Type Il pockets contain no beryl, are distinguished by the
presence of topaz and muscovite, and have a modal abundance of quartz of approximately 60%
to 70%. The assemblage of quartz, topaz, and muscovite is notably similar to greisen alteration.
Type Il pockets are zoned, with potassium feldspar and muscovite concentrated on the pocket
rim, and smoky quartz and topaz concentrated in the pocket interior; this type of pocket is more

common where the dikelets connect to the main dike, rather than in the dikelets themselves. The

Figure 2.6: Slab of hand sample CBM-M2 showing graphic texture changing to cleavelandite in
the miarolitic pocket. Note the red clay stains on the cleavelandite, as well as the greenish beryl
replacement minerals and the cavity where a beryl crystal was dissolved out.
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unconsolidated space in both pocket types is commonly filled with red clay minerals (Fig. 2.6).
At the contact of the pegmatite with the miarolitic pockets, relatively coarse quartz and albite are
intergrown in a graphic texture, and spherules of cleavelandite overgrow euhedral quartz crystals
in the Type | pockets (Fig. 2.6).

In the Type | miarolitic pockets, negative-crystal shape fluid inclusions are visible in the
guartz; several of these contain a single vapor bubble and/or possible hydrocarbons (Fig. 2.5c).
Much of the beryl in these pockets has been altered to a white and green, water-soluble, soft
mineral assemblage of micron-sized hexagonal prisms (Figs. 2.6 and 2.7). In some cases, the
beryl has been completely removed, leaving hexagonal cavities in the cleavelandite (Fig. 2.6).
Secondary grains of clear beryl can sometimes be found filling them. K-feldspar shows distinct
perthitic exsolution in the Type | miarolitic pockets, and several instances of cleavelandite

nucleating off of the perthite have been noted (Fig. 2.8a).

Figure 2.7: BSE image f the beryl replacemet minerals noted in Figure 2.6, showing several
prismatic hexagonal grains.
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Three different cleavelandite morphologies are noted in these miarolitic pockets, here
described as feathery, curved, and branching cleavelandite. Feathery cleavelandite is
characterized by tapered subhedral grains and indistinct twinning (Figs. 2.8b-c). Curved
cleavelandite is characterized by rounded clots of cleavelandite with concentric twinning (Fig.
2.8c). Branching cleavelandite is characterized by discrete euhedral grains with distinct twinning
(Fig. 2.8d). These morphologies constitute a textural zoning in the pocket (Fig. 2.8c); feathery
cleavelandite is closest to the pegmatite, trending to curved cleavelandite and finally branching

cleavelandite, which is closest to the pocket cavity.

perthite

cleavelandité

0.5 mm

Figure 2.8: Textures of feldspar in the miarolitic pockets in thin section. (a) Bladed cleavelandite
nucleating from perthite exsolutions in K-feldspar from pocket sample @BM- XPL. (b)

Feathery cleavelandite next to a quartz grain in pocket sample [@B#¥I- XPL. (c) Feathery
cleavelandite transitioning to curved cleavelandite in pocket sample KBM- XPL. (d)

Bladed cleavelandite in pocket sample CBMA-4. XPL.
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2.5.3 Automated Mineralogy and Mineral Zoning in the Pegmatite

TIMA was performed on two carbon-coated epoxy mounts of sample CBM-12 (Fig.
2.3c); one mount shows the contact of the gneiss and pegmatite and contains the border, wall,
and intermediate zones (Figs9&b and 2.10), and the other mount contains the intermediate
and core zones (Fig. 2.9c-d). Mineral maps were used to study changes in compositions and
modal amounts of granitic minerals, including quartz, feldspars, and biotite.

The gneiss consists of quartz, biotite, and plagioclase and is sharply cut by the border
zone of the pegmatite (Fig. 2.9a). Bioiganuch more prevalent in the host rock than in the rest
of the pegmatite zones in these samples; with the exception of the Type | miarolitic pockets,
which can contain large amounts of biotite, biotite content is highest in the host rock and
decreases towards the interior of the pegmatite (Figs. 2.9a and c). The border zone shows fine,
rounded grains of quartz, biotite, and K-feldspar among a matrix of plagioclase (Fig. 2.9a). The
wall zone of the pegmatiie dominated by well-developed perthitic K-feldspar crystals and
guartz, with some intervening anhedral plagioclase and minor very fine spessartine. Much of the
plagioclase results from albitization of the edges of the K-feldspar grains (Fig. 2.9a). Many
textures observed in the wall zone, including perthitic exsolution, UST, and a layering of garnets,
are clearly visible in these maps (Fig@a); however, the layer of plagioclase laths
accompanying the layering of spessartine noted in thin section (Fig. 2.4f) was not observed here.

The intermediate zone of the pegmatite (Fig. 2.9¢) has a mineral assemblage consisting of
coarser-graine(l-5 mm) plagioclase, quartz, K-feldspar, biotite, and garnet than in the wall
zone. Quartz grains are more irregular than in the border and wall zones, and several very small
grains are present, suggesting a greater degree of alteration here (Fig. 2.9c). The garnats define

clear boundary between the intermediate and core zones of the pegmatite, where further
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inspection of the spessartine reveals a compositional zonation from core to rim with more

almandine-rich rims.
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Figure 2.9: TIMA mineral maps showing overall mineralogy and textures of pieces of Sample
CBM-12 (Fig. 2.3c). (a) Section from host rock (left) to wall zone (right), showing albitization of
perthitic K-feldspar. Area is a close-up of Figure 2.10. (b) Mineral map of K-feldspar (teal) in

the same area as Fig. 2.9a, showing UST and perthitic exsolution. (c) Section showing
intermediate zone (left) to core (right). (d) Mineral map of muscovite (orange) in the same area
as Fig. 2.9c, showing muscovite clustered near garnets and on the margins of plagioclase grains.
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The core zone of the pegmatite (Fig. 2.9¢) consists of still coarser crystals of plagioclase,
slightly perthitic K-feldspar, and quartz with minor muscovite; crystals can be up to 5 cm in size.
No garnets are observed in this section. The blocky, euhedral shapes of plagioclase crystals
intruding and interlocking the irregular, lobate quartz and K-feldspar suggest that plagioclase
formed last, and possibly replaced some of the quartz and K-feldisga2 ©Oc). In addition,
while K-feldspar does display perthitic exsolution in the core zone, the exsolutions are less
pronounced than those in the wall zone.

Automated mineralogy maps confirmed the presence of several fine-grained accessory
phases, including apatite, titanite, magnetite, monazite, allanite-(Ce), and schorl (Figs. 2.9a and
c). Monazite and allanite are typically found near spessartine in the intermediate zone of the
pegmatite, and muscovite is concentrated in the core near plagioclase grain margins (Fig. 2.9d).
Apatite, titanite, and monazite are concentrated in the host rock and border zone. Minor phases
such as zircon, schorl, and monazite also tend to cluster together within the pegmatite and occur
more frequently in the intermediate zone (Fig. 2.9¢).

SEM-EDS element maps of the Ca- 1D. DQ-G..HQHUJadmeQe Wost
rock, border, wall, and intermediate zones (Fig. 2.10) show a distinct feldspar chemistry in the
different zones of the pegmatite and the host gneiss. The gneiss contains relatively more calcic
plagioclase than the pegmatite (Fig. 21 &-feldspar dominates the border and wall zones
forming UST (Fig. 2.10b and d); sodic plagioclase dominates the intermediate and core zones
(Fig. 2.10c). Miarolitic pockets either contain mostly sodic plagioclase in graphic texture or
cleavelandite in the Type | beryl-bearing pockets, and very coarse crystals of K-feldspar in both

pocket types.
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Figure 2.10: TIMA element maps of a section from the host rock (left) to the intermediate zone
(right) of Sample CBM-12 (Fig. 2.3c). (a) Ca-K map, showing slight enrichment in host rock
relative to pegmatite. (b) K-K map, showing high enrichment in border and wall zones and UST.
(c) Na-K map, showing strongest Na enrichment in intermediate zone. (d) Overall mineralogy
and zoning map for reference. The area shown in Figs. 2.9a-b is outlined in red.
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2.5.4 Beryl Zoning and Textures

We have studied zoning and textures in 9 different beryl crystals (i.e. Beryl 1 to 9) cut
perpendicular to the c-axis (Fig. 2.11) and collected from the intermediate to core pegmatite
zones (Beryl 1, 2, 8, and 9) and miarolitic pockets (Beryl 3-7). Three different types of beryl
textures were visible in BSE photomicrographs (Fig. 2.12), including: i) distinct to gradational
compositional core zoning, ii) patchy rim zoning, and iii) pervasively altered rims. In Type i)
zoning, individual well-defined blocky zones are tens to hundreds of microns wide with darker
cores trending steadily towards brighter rims, and zones can be complex, star shaped or
irregularly shaped. Gradational Type i) zoning is approximately concentric from core to rim;
changes in chemistry are slight and gradual, and zones are difficult to delineate. The complex
zoning patterns noted in the distinctly zoned crystals are absent here. In contrast to the distinctly
zoned beryl, these gradationally zoned beryl appear to show brighter cores trending to darker
rms.

All crystals showed some Type i) zoning. Beryl 1 is a Type i) gradationally zoned crystal
with a poorly defined broad core and thin rim. Beryl 2 has distinct zoning with a large core, a
thin rim, and several quartz and biotite inclusions near the boundary between them. The crystal
shows a jagged boundary between core and rim, which may indicate intergrowth of a smaller
crystal into a larger one (Fig. 2.12a). Beryl 3 is distinctly zoned and shows five zones: a core, a
star-shaped outer core zone, a broad hexagonal outer core a thin inner rim, and an outer rim of
varying thickness (Fig. 2.12b). The star-shaped outer core zone is irregularly distributed around
the core and is truncated by the outer border of the hexagonal outer core (Fig. 2.12b). Beryl 4
shows distinct Type i) zoning, but its zoning is more oscillatory than the other beryl crystals, and

individual zones are much thinner, measuring tens of microns wide at most (Fig. 2.12c). Beryl 5
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Figure 2.11: Epoxy mounts of beryl grains, cut perpendicular to the c-axis, from pegmatite and
float samples. Yellow lines indicate approximate location of LA-ICP-MS traverses. (a) The first
puck, showing pegmatite sample CBM-3 (Beryl 1 and 2) and miarolitic pocket float samples
CBM-GD-1 (Beryl 3, 4, and 5). (b) The second puck, showing miarolitic pocket float samples
CBM-GD-2 (Beryl 6 and 7) and pegmatite sample CBM-11.
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Figure 2.12: BSE photomicrographs of beryl grains. Blue lines show EMPA traverses, green
lines show LA-ICP-MS traverses, and red dashed boxes show locations of element maps. (a)
Beryl grain 2, showing Type i and ii zoning, a thin altered rim and a jagged core boundary. (b)
Beryl grain 3, showing Type i concentric and star-shaped zoning; corresponds to Figures 2.13
and 17b. (c) Beryl grain 4, showing thinner Type i concentric oscillatory zoning. (d) Beryl grain
5, showing Type i concentric and star-shaped zoning; corresponds to Figure 2.17c. (e) Beryl
grain 7, showing Type i blocky concentric banding and a Type iii hydrothermally altered rim;
corresponds to Figures 2.14 and 2.17d. (f) Beryl grain 9, showing more gradational Type i
zoning from core to rim.
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shows four distinct zones: a core, a star-shaped outer core, a broad hexagonal inner rim, and a
thin outer rim. The star-shaped zone is similar to that of Beryl 3, showing irregular distribution
towards the core (Fig. 2.12d). Beryl 6 is gradationally zoned and has a core and rim of very
similar composition. Beryl 7 shows a distinct core, outer core, and rim, all of approximately
equal cumulative width (Fig. 2.12e). Several fractures and holes are present in this crystal as
well. Beryl 8 shows gradational zoning with a core and a rim, as well as several muscovite
inclusions. Beryl 9 is gradationally zoned with a smaller core and moderately sized rim, as well
as several fractures (Fig. 2.12f).

Type ii) and Type i) beryl textures are present in Beryl 2 and 7, which show patchy,
irregular textures near their rims. Beryl 2 shows a more rounded zoning which overprints the
borders of the Type i) blocky concentric zoning (Fig. 2.12a). This Type ii) zoning is interpreted
to represent a transitional degree of zoning produced by early metasomatism. The Type iii)
texture in Beryl 79 patchier and more angular, and it is bounded by the Type i) concentric
zoning (Fig. 2.12e). Beryl 7 also shows a large patch zone restricted to its outer core. The Type
iii) texture in Beryl 7 is thought to be the product of late-stage extreme alteration, given th
higher prevalence of cracks and cavities in the inner rim, as well as the more angular texture

(Fig. 2.12e).

2.5.5 Beryl Chemistry
2.5.5.1 EMPA Element Maps

The beryl zoning and textures observed in BSE photomicrographs (Fig. 2.12) were
further studied using WDS element maps (Figs. 2.13 and 2.14) in Beryl crystals 3 and 7.

Aluminum, Na, Fe, Sc, and Cs were chosen for mapping for their high likelihood of being
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involved in substitutions (Aurisicchio et al., 2012). The brighter areas mentioned in the previous
section have a higher concentration of heavier elements, as confirmed qualitatively by EDS
analysis. In the WDS element maps, these brighter areas are shown to have high Na, Fe, Sc, and
Cs contents and low Al content, while the darker areas are enriched in Al and depleted in the
other elements.

The overall enrichment in Na, Fe, Sc, and Cs and depletion of Al from core to rim in the
Type i) blocky, concentrically zau Beryl 3 is shown in Figure 2.13. The core is enriched in Al
and depleted in the other elements measured. The star-shaped zone is marked by an increase in
Sc content and marginal increases in Na and Fe. The hexagonal outer core shows a large increase
in Fe content and a slight increase in Sc and Na. The inner rim is characterized by oscillatory
zoning, particularly regarding Na concentration. The inner rim also shows high Cs and Fe
enrichment, and Al is most depleted in this zone. In contrast, the outer rim shows a relative
enrichment in Al and depletion of all other mapped elements, possibly from oscillatory Zoning.
small veinlet runs through the outer core and inner rim, showing high enrichment in Cs, slight
enrichment in Na, and moderate depletion of Fe.

A typical zoning produced by Type iii) pervasive alteration texture overprinting the Type
i) blocky zoning in Beryl 7 is shown in Figure 2.14. The WDS element map shows a core on the
right, an outer core, and a heavily altered inner rim, and a less altered outer rim on the left (Fig.
2.14). The core is enriched in Al and depleted in all other elements. The outer core shows
enrichment in Fe, Sc, and Na, and a corresponding depletion of Al, but no notable change in Cs.
The outer core contains a patch, possibly an irregular veinlet or a branch of the rim, which is
further enriched in Sc and Fe, showing some of the highest contents of these elements in the

crystal. The beryl rims are characterized by an enrichment in Cs in comparison to the core. The
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Figure 2.13: EMPA element maps showing depletion of Al and enrichment of Na, Cs, Sc, and Fe
from the core (top left) to the rim (bottom right) of Beryl 3, shown in Figure 2.12b in the red
box.
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Figure 2.14: EMPA element maps showing depletion of Al and enrichment of Na, Cs, Sc, and Fe
from the core (right) to the rim (left) of Beryl 7, shown in Figure 2.12e in the red box. Note
patchy texture, indicating hydrothermal alteration, on outer rim to the left.
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outer rim shows high enrichment of Cs and further enrichment of Sc, Fe, and Na. The inner rim
is highly enriched in Al, even higher than the core, and highly enriched in Cs. This Al
enrichment may be the result of Type i) oscillatory zoning, while Cs enrichment occurs later.
Similarly, in the inner rim, Na, Sc, and Fe are depleted to their lowest concentrations in the
mapped area, which are lower than those in the crystal core. The outer rim shows high
enrichment of Cs and further enrichment of Sc, Fe, and Na. The enrichment of Na, Fe, Sc, and
Cs in the outer rim appears to be highest directly adjacent to the inner rim Type iii) beryl; the
concentrations decrease slightly towards the edge of the grain, and a small, corresponding
increase in Al is observed. The overall trend of enrichments in the Type i) beryl of Beryl 7
matches that observed in Beryl 3; Al is depleted overall from core to rim, whereas Fe, Na, Sc,

and Cs are simultaneously enriched, and the trend reverses in the rim near the crystal edge.

2.5.5.2 EMPA Beryl Compositions

Quantitative WDS and EDS analyses were used to investigate the substitutions present in
all three texture types, represented in Beryl 1-5 and 7-9. Average major element compositions
measured on 3-13 spots for the major zones of each crystal are listed in Table 2.3. Mineral
formulae and atoms per formula unit (apfu) were recalculated in two main steps, and then further
refined based on assignment into different crystallographic sites and coupled element
substitution mechanisms. In a first step, a normalization was carried out based on 6 Si atoms
assuming the ideal beryl formuBesAl >SieO1s (i.€., charge was balanced based on 18 oxygens).
Beryllium oxide content (BeQi) was estimated by Be@wt.% =100+ 2WKHU RPLGH ZW
H2>0 wt.%, where varying amounts of water were added so that the overall recalculated mineral

formulae simultaneously satisfied charge balance and provided a cal@&ifataofu equal to 6.
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Table 2.3: Selected average EMPA data for major elements in beryl crystals from the pegmatite and float. Sampling locations and
textures of Beryls 1-9 are available in Appendix A. *Not included in wt. % oxide sum.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl

#1 #1 #1 #2 #2 #2 #3 #3 #4 #4 #5

CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-

3 3 3 3 3 3 GD1 GD1 GD1 GD1 GD1
Crystal Rim 1 Core Rim 2 Rim Core Rim (Altered) Rim Outer Core Core Rim Core
Zone:
No.: 4 1 11 1 5 1 6 1 7 1 7 1 15 1 5 1 9 1 11 1 6 1
SiO:
wt% 65.8 0.1 65.7 0.1 65.9 0.2 65.8 0.1 66.1 0.1 66.1 0.1 66.0 0.1 66.3 0.2 65.9 0.2 65.9 0.2 66.4 0.1
Al203 17.9 0.2 17.7 0.1 17.8 0.1 17.8 0.1 18.1 0.1 18.2 0.1 17.9 0.1 18.3 0.1 17.7 0.1 17.9 0.1 185 0.1
Na:0 0.36 0.05 0.44 0.03 0.40 0.03 0.40 0.03 0.32 0.01 0.33 0.02 0.35 0.02 0.28 0.02 0.42 0.02 0.36 0.04 0.21  0.01
MgO 0.02 0.03 0.02 0.01 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.01
Rb,0 0.01 0.01 0.01 0.01 0.01 d.l. 0.01 d.l 0.02 0.01 d.l.
K20 0.02 0.01 0.03 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.03 0.02 0.03 0.01 0.02 0.01 0.01 0.01
Cg0 0.16 0.02 0.15 0.01 0.15 0.01 0.16 0.01 0.06 0.01 0.06 0.09 0.04 0.06 0.01 0.16 0.02 0.13 0.01 0.05 0.01
CaO d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l
TiO2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l
Se0s 0.12 0.02 0.15 0.01 0.12 0.01 0.14 0.01 0.11 0.10 0.02 0.12 0.01 0.05 0.02 0.13 0.01 0.12 0.01 0.03 0.01
FeQut 1.16 0.23 141 0.06 1.22 0.12 1.33 0.07 1.06 0.02 0.97 0.10 1.10 0.07 0.83 0.09 1.38 0.04 1.19 0.09 0.59  0.05
MnO 0.04 0.01 0.04 0.01 0.04 0.01 0.04 0.01 0.03 0.02 0.01 0.03 0.01 0.02 0.01 0.04 0.03 0.01 0.02 0.01
*BeOcalc 13.6 13.6 0.1 13.7 0.1 13.6 0.1 13.6 13.6 0.1 13.7 0.1 13.7 0.1 13.6 0.1 13.7 0.1 13.7 0.1
*H20caic 0.88 0.16 0.76 0.20 0.61 0.22 0.65 0.15 0.61 0.14 0.53 0.15 0.60 0.21 0.48 0.24 0.61 0.26 0.67 0.26 043 0.16
Sum 85.5 0.2 85.6 0.2 85.7 0.2 85.7 0.1 85.7 0.1 85.8 0.1 85.7 0.2 85.8 0.1 85.8 0.2 85.7 0.2 85.8 0.1
T1 Site
Si apfu 5.988 0.003 5989 0.002 5.992 0.002 5987 0.002 5989 0.002 5988 0.001 5992 0.003 5991 0.004 5989 0.002 5.990 0.002 5993 0.003
Al 0.024 0.007 0.023 0.007 0.014 0.005 0.027 0.005 0.024 0.005 0.026 0.005 0.016 0.007 0.022 0.013 0.021 0.006 0.020 0.006 0.016 0.009
Sum 6.012 0.005 6.012 0.006 6.006 0.003 6.014 0.004 6.013 0.003 6.015 0.004 6.007 0.004 6.013 0.009 6.010 0.005 6.010 0.004 6.009 0.006
T2 Site
Becalc 2975 0.012 2976 0.016 2990 0.008 2973 0.010 2973 0.009 2968 0.010 2986 0.011 2972 0.020 2980 0.013 2981 0.011 2.980 0.014
Li calc 0.025 0.012 0.024 0.016 0.010 0.008 0.027 0.010 0.027 0.009 0.032 0.010 0.014 0.011 0.028 0.020 0.020 0.013 0.019 0.011 0.020 0.014
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1.897 0.020 1.873 0.006 1.892 0.011 1.881 0.006 1.907 0.002 1914 0.009 1.902 0.006 1929 0.009 1.878 0.003 1.895 0.008 1.951 0.005
Mg 0.003 0.001 0.004 0.001 0.003 0.001 0.003 0.003 0.002 0.001 0.003 0.002 0.004 0.003 0.000 0.001
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.009 0.002 0.012 0.001 0.010 0.001 0.011 0.001 0.009 0.008 0.001 0.010 0.001 0.004 0.002 0.011 0.001 0.009 0.001 0.003 0.001
Fe 0.041 0.017 0.056 0.018 0.062 0.007 0.046 0.014 0.030 0.008 0.026 0.012 0.050 0.011 0.024 0.018 0.057 0.013 0.047 0.016 0.019 0.013
Fe* 0.047 0.014 0.051 0.017 0.031 0.009 0.055 0.010 0.050 0.009 0.047 0.006 0.034 0.013 0.039 0.018 0.047 0.013 0.043 0.011 0.025 0.013
Mn 0.003 0.001 0.003 0.003 0.001 0.003 0.002 0.002 0.002 0.002 0.003 0.003 0.001 0.001 0.001
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel
Site
Na 0.063 0.009 0.078 0.006 0.070 0.006 0.071 0.005 0.057 0.002 0.058 0.003 0.062 0.004 0.049 0.003 0.074 0.003 0.064 0.006 0.037 0.002
Rb 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K 0.003 0.001 0.003 0.001 0.002 0.001 0.003 0.001 0.003 0.001 0.002 0.001 0.003 0.001 0.002 0.003 0.001 0.002 0.001 0.001 0.001
Cs 0.006 0.001 0.006 0.006 0.006 0.001 0.002 0.002 0.004 0.002 0.002 0.006 0.001 0.005 0.002
Sum 0.072 0.011 0.087 0.005 0.078 0.007 0.080 0.006 0.062 0.002 0.062 0.004 0.068 0.004 0.054 0.003 0.084 0.003 0.071 0.007 0.040 0.002
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Table 2.3 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl

#5 #5 #5 #7 #7 #7 #7 #8 #8 #9 #9

CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-

GD1 GD1 GD1 GD2 GD2 GD2 GD2 11 11 11 11
Crystal Outer Core Inner Outer Outer Core 1 Core Outer Core 2 Rim (Altered) Core Rim Core Rim
Zone: Rim Rim
No.: 3 1 8 1 3 1 4 1 5 1 6 1 5 1 10 1 10 1 13 1 7 1
Si0o,
wt% 66.3 0.1 66.3 0.1 66.2 0.1 66.2 0.2 66.1 0.1 66.2 66.1 0.1 65.5 0.1 65.8 0.1 65.8 0.1 65.9 0.1
Al203 18.4 0.1 18.3 0.1 18.3 0.1 18.3 0.0 18.2 0.1 18.0 0.1 18.2 0.3 17.3 0.1 17.8 0.1 17.5 0.2 17.7 0.1
NaO 0.24 0.02 0.25 0.01 0.26 0.02 0.31 0.01 0.32 0.03 0.36 0.02 0.41 0.04 0.58 0.03 0.49 0.05 0.48 0.03 0.42 0.01
MgO 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.03 0.02 0.01 0.03 0.02
RO d.l. d.l. 0.01 d.l. d.l. 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
K20 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.04 0.01 0.03 0.01
C=0 0.07 0.02 0.07 0.13 0.05 0.04 0.01 0.05 0.01 0.06 0.18 0.04 0.17 0.01 0.14 0.02 0.15 0.02 0.12 0.02
CaOo 0.01 d.l. d.l 0.01 0.01 0.02 0.02 d.l d.l 0.01 0.01 d.l
TiO2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Se0s 0.07 0.01 0.09 0.01 0.08 0.01 0.04 0.05 0.02 0.10 0.04 0.05 0.19 0.02 0.13 0.01 0.16 0.02 0.12 0.01
FeQuot 0.69 0.08 0.78 0.02 0.78 0.02 0.83 0.03 0.90 0.08 1.03 0.04 0.74 0.30 1.74 0.09 1.37 0.08 1.61 0.07 1.28 0.06
MnO 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.03 0.01 0.02 0.01 0.05 0.01 0.04 0.01 0.05 0.01 0.04 0.01
*BeOcalc 13.7 13.7 0.1 13.7 13.7 0.1 13.6 0.1 13.7 13.7 0.1 135 0.1 13.6 0.1 13.7 0.1 13.7 0.1
*H20calc 0.53 0.12 0.44 0.16 0.50 0.20 0.50 0.27 0.65 0.18 0.48 0.10 0.57 0.17 0.86 0.16 0.66 0.19 0.58 0.15 0.69 0.23
Sum 85.7 0.1 85.8 0.1 85.8 0.2 85.8 0.2 85.7 0.2 85.8 0.1 85.8 0.2 85.6 0.1 85.8 0.2 85.8 0.1 85.6 0.2
T1 Site
Si apfu 5,993 0.002 5.991 0.002 5991 0.001 5991 0.002 5990 0.003 5994 0.003 5997 0.002 5988 0.003 5988 0.002 5990 0.005 5.992 0.002
Al 0.016 0.003 0.017 0.007 0.020 0.002 0.020 0.006 0.024 0.007 0.012 0.008 0.012 0.007 0.024 0.009 0.027 0.007 0.018 0.010 0.013 0.005
Sum 6.009 0.002 6.008 0.005 6.011 0.001 6.011 0.004 6.014 0.005 6.006 0.005 6.009 0.006 6.012 0.006 6.015 0.005 6.008 0.006 6.006 0.004
T2 Site
Becaic 2981 0.003 2983 0.012 2977 0.003 2974 0.011 2969 0.013 2989 0.012 2974 0.019 2976 0.016 2967 0.013 2987 0.014 2991 0.010
Licalc 0.019 0.003 0.017 0.012 0.023 0.003 0.026 0.011 0.031 0.013 0.011 0.012 0.026 0.019 0.024 0.016 0.033 0.013 0.013 0.014 0.009 0.010
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1.940 0.008 1.932 0.001 1.932 0.002 1930 0.003 1924 0.008 1.910 0.004 1.938 0.028 1.843 0.009 1.879 0.008 1.857 0.007 1.887 0.006
Mg 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.001 0.004 0.001 0.003 0.001 0.004 0.001 0.003 0.001
Ca 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.005 0.001 0.007 0.006 0.001 0.003 0.004 0.002 0.008 0.003 0.004 0.015 0.001 0.010 0.001 0.013 0.002 0.009 0.001
Fe* 0.026 0.005 0.030 0.011 0.028 0.005 0.028 0.010 0.026 0.013 0.053 0.013 0.049 0.017 0.080 0.016 0.054 0.016 0.074 0.017 0.067 0.012
Fe* 0.026 0.005 0.030 0.012 0.031 0.004 0.035 0.012 0.043 0.012 0.025 0.015 0.007 0.007 0.054 0.020 0.050 0.014 0.049 0.015 0.030 0.009
Mn 0.001 0.001 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.004 0.001 0.003 0.004 0.001 0.003
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 0.001 2.000
Channel
Site
Na 0.043 0.004 0.044 0.002 0.046 0.004 0.054 0.002 0.057 0.005 0.064 0.003 0.072 0.008 0.103 0.005 0.086 0.009 0.084 0.006 0.074 0.002
Rb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.000
K 0.002 0.001 0.002 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.004 0.001 0.004 0.001
Cs 0.003 0.001 0.003 0.005 0.002 0.002 0.002 0.002 0.007 0.002 0.007 0.005 0.001 0.006 0.001 0.005 0.001
Sum 0.047 0.005 0.049 0.002 0.053 0.005 0.057 0.003 0.061 0.005 0.069 0.003 0.080 0.009 0.112 0.005 0.093 0.008 0.095 0.007 0.082 0.003
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The beryl is assumed to have water in it based on preliminary results from Raman spectroscopy.
Calculated B& apfu was often less than the ideal 3 apfu forfisite, and Li is a common
substituent for B& in beryl (Aurisicchio et al., 2012). Therefore, in a second &iépyas

assumed to be present and estimated'agcls 3 +Be?*cac in order to completely fill the Bé

T2-site to 3 apfu, assuming that the addition of <0.05 apfiné&d minor impact on the

calculated charge balance. This excess charge will be balanced by the possible occurrence of
Al®* on the T1-site of $i (see further below). A bullet-point explanation of the calculation

method is available in Appendix D. The inverse relationship betwetrcétent and Na F&*,

Sc*, and C§ content noted above suggests that these elements are involved in major chemical
substitutions. These elements are consistent with the main substitution mechanisms in beryl,

described by:

Q3+ 4+C¢ - OR2+ 4 CR* 2.1)
OAl3+ : OR3* (2.2)
Tigj+ 4 Co - Tip|3+ 4 CR* (2.3)
T2t 4+ Ct - T2 j* 4+ CRY (2.4)

where R*3*indicate appropriately sized ions with charges of 2+ and 3+ respectively;and R

indicates the alkali ions NaK*, Rb, and C&. The superscript$ ™ ™>and® indicate the
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crystallographic sites for Al, Si**, Be?*, and the channel site, respectivel' LQGLFDWHYV D
vacancy or unfilled channel site (Aurisicchio et al., 2012).

Scatter plots showing the substitutions of Equations 2.1, 2.2, and 2.4 were constructed
from total apfu data, calculated as described above, to examine the prevalence of these
mechanisms in the California Blue Mine beryl (Fig. 2.15). Since Si apfu was assumed to be 6,
Equation 2.3 was not plotted. The most importafaml R* cations for the coupled substitutions
on the octahedral Al-site were Naand Fé* respectively, as they consistently had the highest
apfu concentration in the beryl (Fig. 2.15a). This substitution can be found in the Type i) zoning,
progressively increasing in every zone further from the core, shown in the WDS element maps
(Fig. 2.13); however, Type iii) texture displays much less of this substitution (Fig. 2.14). There is
a slight systematic excessAi** observed in comparison to a 1:1 substitution f67 . other
octahedral R and R* cations (Fig. 2.15a, Egs. 2.1-2), which indicates that part of the measured
Al®* may be assigned to tAd site of St*. A negative correlation can be observed between
Be?*cac content vs. total Ralkali content, suggesting a coupled substitution between R
and Bé* occurs on th&2-site (Fig. 2.15b; Eq. 2.4). The systematic excess alkali in comparison
to a 1:1Li*:Be?* substitution can be explained by the requirement of alkali cations for coupled
substitution on th@1, andO sites; most of the alkali cations are likely involved in other
substitutions (Egs. 2.1 and 2.Bigure 2.15c¢ shows the coupled substitution on the octahedral
Al®*-site with the most abundant®ctahedral cation, B& A positive correlation with channel
alkali R* cations confirms the importance of the coupled substitution described by Equation 2.1.
The excess of alkali cations indicates, however, that part of‘thatRns are likely not involved

in the O-site substitution only. This suggests tNatwill occur on the channels simultaneously
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for O-site substitutions while coupled substitutions of NAI®* for Si** occur on thd1-site

and N4+ Li* for Be* occur on thd 2-site (Egs2.3 and 2.4).

Figure 2.15: Total apfu scatter plots showing substitution mechanisms in California Blue Mine
beryl. Red lines indicate ideal substitution. (a) Substitution of 2+ and 3+ cations for ftahAl
the O-site; not accounting for AT substitution in thd 1-site. (b) Coupled substitution of'Land

R* cations in the B& 2-site with total alkali ions in the channel site. Some points with negative
Li* values and B¢ values above 3 have been omitted. (c) Coupled substitutiort'ahRbe

Al®* O-site with total alkali ions in the channel site.
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Assigningcaions to specific crystallographic sites improves the correlations, as shown in
Figures 2.16a-d, and suggests that the above assumption that elements sticinasNd are
involved in substitutions on multiple sites is correct. After estimatirf &l Li" contents (as
described above), cations were assigned to each crystallographic site (i.e., tetrahedral, octahedral
and channel sites). TA&-site was assumed to be completely filled with 3 cumulative apfu of
Be?" and Li". In order to maintain the charge balance for the coupled substitution or/thE2Be
site, a corresponding amount of Neas assigned to the channels forTResite substitution in a
1:1 ratio with Li", such that Nar apfu = Liac apfu. While the B& T2-site coupled substitution
may involve other Rcations, it was assumed that only Na was involved to simplify calculations.
All remaining R cations were assigned to the coupled substitution in tHeDA$ite according
to R*aisub = Rtot #Nacor. Some F& was converted to Beto have sufficienNa' involved in the
coupled substitutions with®Rcations (i.e., F&, Mn?*, Mg?*, and C&') on the octahedra\l**-
site, and the remaining NéNacor) with Li* substituting B& on theT2-site(see Egs. 2.1 and
2.4). As mentioned previously, some exces¥ Ah theO-site had to be assigned to fhigsite
of Si**. This was calculated using thé3* assigned on th@-site according t&Al apfu = 2 +
sum R apfu, and then the remaining Al assigned toTthsite according t6*Al%* apfu = APt
apfu -CAI%* apfu. Figure 2.16a shows a near-perfect correlatiorf tdiRl R* cations with only
the O-site AP*, suggesting that this is the most important site and mechanism for substitution in
the beryl. Figure 2.16b shows a perfect correlation, since calculations assumettdhapfii +
Be?*cacapfu = 3, but the plot still shows different degrees of substitution on Ha Bsite.

Figure 2.16c shows a nearly ideal correlation betweeraRons assigned to tii@site
substitution and Fécontent, confirming that this is likely the most prevalent substitution

mechanism in the beryl. While the Rontent is slightly above ideal, these excess cations may be
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pairing with the othePR?* cations, including M§f, Mn?*, and C&', for the coupled Al O-site

substitution. In addition, some may be coupling with*Abr the substitution on the Fil-site.

Figure 2.16: Idealized scatter plots showing substitution mechanisms, with cation site
assignments, in California Blue Mine beryl. Red lines indicate ideal substitution, except in (d),
where the line represents a 1:1 correlation. (a) Substitution of 2+ and 3+ cation¥ forthé

O-site only. (b) Coupled substitution of'lin the B&* T2-site with a corresponding amount of

Na in the channel site. Some points with negatiVevalues or B& values above 3 have been
omitted. (c) Coupled substitution of #én the AF* O-site with alkali ions in the channel site,

not including the Naused by the substitution in (b). (d) shows the positive correlation between
Al®* substituting for St on theT1-site and Li concentration. Some points with negativé Li
values have been omitted.
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Finally, Figure 2.16d shows a strong correlation, slightly above 1:1; fulistitution for B&
on theT2-site and AY* substitution on th&1-site; this suggests that the conditions favoring
substitution of A}* on theT1-site during beryl growth also favor substitution of tn theT2-
site. This is also confirmed by the LA-ICP-MS data (see below).

The inverse relationship observed betw@esite AP and Fé* and Sé' (Figs. 2.15a and
2.16a), as well as the positive correlation betweéh el R cations, suggests that the coupled
substitution on th@®-site described by Equation 2.1 is responsible for the Type i) and iii) beryl
textures observed in the WDS element maps of Beryl 3 and 7 (Figs. 2.13 and 2.1@}sithis
substitution is the most common and important substitution mechanism in the beryl of the
California Blue Mine. Whenever Al content increases in the maps, the concentrations of its
substituents and their coupled alkali cations decreases, and vice versa. This suggests that this
substitution became systematically more prevalent from core the rim as the beryl crystallized.
Therefore, the core zone is most enriched ii,AInd the crystal is more enriched if"StNa',

Fe?*, and CStoward the rim; Csenrichment characteristically defines the rim. Thus, the left-

most part of Figure 2.15a would represent some of the most evolved rim zones of the beryl. The
Type iii) beryl inner rim in Figure 2.14 shows enrichment in both ahd the alkali cation Cs

which contrasts with the systematic increas®-ite substitution and depletion of*Atoward

crystal rims noted in the other beryl. It is possible that tfé&dh inner rim is the result of
oscillatory, episodic crystallization of the Type i) beryl, which was later altered'tddBsType

i) beryl.
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2.5.5.3LA-ICP-MS Analyses

Beryl crystals 1, 3, 5, and 7 were analyzed for trace elements using LIMSCP-
Location of the traverses across the beryl crystals are indicated ind2gliteand 2.12.
Traverses were from core to rim in Beryl 1, 3, and 5, and from rim to rim in Beryl 7 in order to
examine gradational and distinct compositional core zoning (Type i) and pervasively altered rim
(Type iii). These traverses included, the core and rim zones of each crystal, as well as outer core
and inner rim zones if present, which were delineated by Type i) zoning. Average trace element
concentrations measured for skeenajor zones of each crystal are listed in Table 2.4 and the full
dataset in Appendix C. The elements which define major zoning in these crystals are Cs, Fe, K,
Li, Na, Rb, and Sc; traverse plots of these elements (Figs. 2.17a-d) were constructed to match
element concentration changes with the zones observed in EMPA arRllgiscomparing the
EMPA and LA-ICP-MS data to give confidence in analysis are presented in Appendix E.

While all elements analyzed could not be plotted together, all elements were examined
for zoning. To a lesser extent, Mg, Mn, Zn, Ga, As, and V follow the major zonation patterns
illustrated in Figs. 2.17a-d; these elements all generally show a positive relation with Sc content.
These elements correspond with the Type i) beryl zoning observed in BSE photomicrographs
(Fig. 2.12). Overall, Li content has a systematic inverse relationship with Sc, K and Rb content.
In Beryl 1, 3, and 5, Li has a systematic positive relation with Zn and inverse relations with Cs
and Na; in Beryl 7, these trends are reversed. Some minor trace element zoning is also present
within the beryl; this zoning is more commonly sharp peaks, gradational increases, or the
presence of an element in one zone as opposed to its absence in another. This zoning corresponds

only partially to the Type i) zoning characterized by Cs, Na, Fe, and Sc, as many of these major
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Table 2.4: Selected average beryl trace element concentrations (ppm) measured by LA-ICP-MS. Samplirgdodaextures of

Beryls 1-9 are available in Appendix A.

Sample: Beryl #1 Beryl #1 Beryl #3 Beryl #3 Beryl #3 Beryl #3 Beryl #5 Beryl #5

CBM-3 CBM-3 CBM- CBM- CBM- CBM- CBM- CBM-

GD1 GD1 GD1 GD1 GD1 GD1
Crystal Zone: Core Rim Outer Core Outer Rim Outer Core
Core 1 Core Core 1

No: 29 5 4 7 1 11 6 4 10
Li 149.2 21.1 185.7 26.8 135.2 7.2 149.6 4.3 133.8 10.5 124.3 5.0 147.1 4.5 162.9 4.0
B 1.878 2.025 1.766 1.168 0.685 0.550 0.296 0.066 1.176 1.349 0.850 0.407 0.446 0.178 0.364 0.094
Na 3529 96 2290 336 2458 78 2187 60 2637 137 2923 266 1866 49 1730 25
Mg 190.9 121 89.4 31.3 105.5 34 101.8 1.9 114.0 8.8 141.6 19.3 39.2 0.9 37.4 0.7
P 14.69 2.10 17.60 8.23 15.19 2.23 15.20 3.64 16.57 2.29 16.47 2.95 16.24 2.33 16.48 1.72
S 82.31 4.63 75.69 2.49 70.67 4.20 68.63 2.43 67.17 2.56 67.34 2.06 45.48 1.17 37.60 1.72
K 222.3 42.1 190.3 59.8 166.3 14.7 153.7 4.4 178.3 23.9 198.1 37.0 115.1 4.1 105.6 2.9
Ca 18.87 6.22 30.74 19.38 d.l 21.48 6.93 20.34 8.81 18.09 8.54 17.68 4.53 13.87 231
Sc 728.8 66.0 418.6 109.5 444.2 46.5 225.4 8.8 551.3 117.4 644.1 65.2 345.1 47.0 175.0 1.8
Ti 2.883 0.685 2.214 1.216 2.860 0.532 2.804 0.260 2.637 0.443 2.617 0.375 2.068 0.454 2.047 0.567
Vv 0.311 0.086 0.169 0.042 0.148 0.074 0.101 0.023 0.181 0.038 0.140 0.046 0.099 0.041 0.068 0.017
Cr 3.752 0.543 10.11 14.47 3.522 0.305 3.790 0.342 4.071 0.433 3.695 0.223 4.002 0.226 3.960 0.325
Mn 304.1 18.2 147.3 35.0 166.7 9.8 128.9 3.0 181.5 18.3 237.9 38.2 121.8 6.6 97.2 0.6
Fe 10323 409 5839 935 6863 284 5750 88 7361 541 8693 851 5123 194 4368 52
Co 0.188 0.043 0.159 0.031 0.131 0.021 0.131 0.032 0.147 0.042 0.126 0.055 0.147 0.016 0.116 0.022
Ni 0.247 0.129 0.325 0.030 0.336 0.151 0.247 0.086 0.241 0.118 0.171 0.055 0.499 0.181 0.025
Cu 0.203 0.218 0.666 1.177 0.158 0.125 0.118 0.046 0.200 0.350 0.097 0.032 0.145 0.043 0.075 0.036
Zn 40.08 1.66 44.24 1.99 37.72 0.83 42.67 0.96 38.47 3.46 38.61 3.53 130.11 5.11 149.08 3.43
Ga 75.06 1.45 86.91 5.24 69.71 2.62 52.95 0.59 70.60 4.39 77.30 4.03 74.79 5.36 57.31 0.82
Ge 0.716 0.091 0.753 0.101 0.779 0.149 0.720 0.107 0.733 0.102 0.755 0.118 0.749 0.124 0.748 0.102
As 0.600 0.290 0.541 0.255 0.758 0.665 0.368 0.066 0.363 0.054 0.356 0.052 0.268 0.029 0.302 0.073
Rb 1721 8.8 111.3 17.8 1135 3.7 101.1 2.2 120.2 7.4 144.6 16.9 92.3 2.8 84.6 1.0
Sr 0.054 0.047 0.106 0.128 0.006 0.012 0.004 0.042 0.037 0.036 0.031 0.029 0.032 0.014 0.006
Y 0.166 0.250 0.984 1.868 0.010 0.004 0.025 0.011 0.537 1.093 0.745 0.928 0.009 0.006 0.007 0.001
Zr 0.743 1.062 3.213 6.167 0.024 0.092 0.124 2.392 4.131 2.412 2.976 0.029 0.016 0.023 0.011
Nb 0.360 0.435 0.844 1.036 0.031 0.017 0.131 0.148 0.544 0.789 0.813 0.788 0.014 0.012 0.004
Mo 0.060 0.043 0.127 0.105 0.081 0.032 0.008 0.040 0.011 0.052 0.010 0.141 0.033 0.014
Sn 0.818 0.078 0.862 0.156 0.762 0.166 0.746 0.071 0.827 0.061 0.865 0.090 0.767 0.044 0.702 0.078
Sb 1.501 1.560 1.664 1.419 0.032 0.013 0.106 0.052 0.081 0.103 0.360 0.182 0.057 0.044 0.022 0.004
Cs 1340 64 796.1 210.3 557.0 39.6 450.0 14.3 591.1 35.8 1229 166 520.5 25.5 424.0 4.0
Ba 0.090 0.056 0.245 0.221 0.062 0.063 0.020 0.094 0.076 0.110 0.078 0.099 0.088 0.030 0.005
La 0.142 0.090 1.323 d.l d.l 0.254 0.126 0.415 0.200 d.L d.l
Ce 0.017 0.024 0.034 0.038 0.028 0.015 0.006 0.053 0.052 0.082 0.100 0.078 d.l.
Nd 0.046 0.052 0.265 0.480 0.025 0.017 0.005 0.140 0.133 0.189 0.201 0.015 0.014 0.002
Gd 0.087 0.031 0.173 0.135 0.058 0.009 0.057 0.006 0.158 0.130 0.142 0.080 0.060 0.010 0.076 0.039
Yb 0.064 0.050 0.232 0.313 0.052 0.020 0.048 0.005 0.155 0.189 0.141 0.135 0.057 0.029 0.041 0.017
Hf 0.374 0.489 0.760 1.176 0.030 0.009 0.085 0.097 0.453 0.833 0.626 0.681 0.034 0.014 0.019 0.009
Ta 0.131 0.151 0.202 0.147 0.013 0.004 0.018 0.005 0.105 0.119 0.109 0.098 0.016 0.012 0.013 0.003
w 0.074 0.075 0.050 0.033 0.576 0.760 0.054 0.024 0.027 0.005 0.042 0.026 0.020 0.025 0.009
Pb 0.383 1.471 0.407 0.749 d.l 0.103 0.284 0.167 0.246 0.041 0.030 0.001 0.020 0.009
Bi 0.065 0.084 0.384 0.702 0.047 0.049 0.019 0.006 0.134 0.198 0.192 0.148 0.150 0.243 0.022 0.022
Th 0.077 0.095 0.359 0.576 0.006 0.010 0.002 0.134 0.245 0.202 0.201 0.010 0.003 0.010 0.004
u 0.032 0.060 0.064 0.091 0.005 0.008 0.003 0.041 0.064 0.043 0.038 0.007 0.005 0.002
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Table 2.4 Continued.

Sample: Beryl #5 Beryl #5 Beryl #5 Beryl #7 Beryl #7 Beryl #7 Beryl #7 Beryl #7

CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-

GD1 GD1 GD1 GD2 GD2 GD2 GD2 GD2
Crystal Zone: Outer Inner Rim Outer Rim 1 Outer Core Outer Rim 2

Core 2 Rim (Altered) Core 1 Core 2 (Altered)
No: 6 14 2 23 1 15 13 11 10
Li 149.8 0.9 143.2 1.8 148.2 1.2 324.0 104.1 137.5 9.1 140.3 2.0 135.1 4.9 319.2 157.2
B 0.452 0.348 0.433 0.206 0.671 8.786 3.912 1.094 1.100 0.968 0.850 2.310 2.182 8.671 3.858
Na 1928 43 2158 82 2416 84 2957 385 2914 110 2514 43 3123 269 2993 819
Mg 38.8 1.4 46.7 11 53.7 3.2 83.1 21.2 103.5 3.1 101.2 1.3 111.4 8.7 75.8 15.0
P 16.64 1.56 15.47 1.57 15.30 2.71 21.59 4.25 17.61 3.35 17.38 1.42 17.06 2.62 18.83 2.62
S 34.92 0.86 33.10 0.85 32.13 1.40 48.45 3.52 82.10 18.63 79.51 2.06 75.80 2.06 73.82 3.03
K 117.4 3.0 125.2 3.2 116.4 7.9 104.5 67.0 182.0 134 155.8 9.9 202.3 14.8 107.2 40.4
Ca 19.63 5.77 13.09 5.07 18.80 0.92 26.47 12.91 19.69 7.68 19.20 6.99 14.87 6.32 23.76 19.64
Sc 378.8 31.4 543.4 25.6 526.9 30.2 287.8 115.8 490.0 32.0 229.6 331 588.7 109.4 337.2 1245
Ti 2.041 0.219 2.032 0.477 2.254 0.774 2.653 1.178 2.768 0.662 2.785 0.455 2.960 0.553 2.667 0.517
Vv 0.091 0.027 0.106 0.031 0.095 0.194 0.072 0.227 0.048 0.114 0.032 0.224 0.043 0.194 0.083
Cr 3.473 0.370 3.594 0.339 3.842 0.147 3.661 0.431 3.843 0.559 3.789 0.358 3.553 0.378 3.162 0.320
Mn 1245 6.1 151.0 34 181.7 6.5 188.5 57.7 186.3 5.8 139.1 5.5 203.0 21.8 181.5 55.3
Fe 5238 160 6095 128 6543 240 5522 896 7354 190 6036 172 7863 623 5728 1535
Co 0.123 0.032 0.136 0.109 0.186 0.014 0.169 0.052 0.149 0.046 0.148 0.042 0.139 0.033 0.150 0.056
Ni 0.233 0.116 0.201 0.064 0.219 0.023 0.353 0.205 0.184 0.058 0.228 0.119 0.232 0.096 0.267 0.131
Cu 0.091 0.066 0.084 0.027 0.080 0.038 0.362 0.490 0.113 0.060 0.096 0.031 0.140 0.053 0.349 0.329
Zn 128.47 4.92 120.31 2.54 129.38 1.84 54.10 33.27 61.20 3.65 66.10 1.52 58.38 1.15 51.56 27.70
Ga 75.85 1.50 78.61 1.93 80.57 0.13 66.30 11.12 68.87 2.45 51.53 231 69.53 3.27 68.47 16.82
Ge 0.699 0.075 0.684 0.088 0.828 0.121 0.621 0.201 0.670 0.112 0.681 0.057 0.722 0.090 0.695 0.318
As 0.411 0.190 0.303 0.086 0.349 0.160 3.072 1.230 1.015 0.302 0.711 0.104 0.975 0.389 2.627 1.000
Rb 92.8 25 103.4 1.7 118.7 3.0 67.1 28.8 117.2 45 101.9 1.9 1255 8.9 81.2 31.0
Sr 0.009 0.006 0.012 0.007 0.016 0.008 0.207 0.125 0.030 0.032 0.012 0.002 0.021 0.006 0.202 0.151
Y 0.012 0.006 0.009 0.006 0.006 0.002 1.982 3.859 0.085 0.103 0.013 0.005 0.011 0.005 0.901 1.628
Zr 0.014 0.003 0.025 0.009 0.019 0.003 6.480 15.532 0.201 0.271 0.029 0.009 0.047 0.025 1.327 1.886
Nb d.l. 0.012 0.005 0.011 0.003 0.662 1.031 0.084 0.069 0.021 0.005 0.018 0.007 0.182 0.256
Mo 0.039 0.003 0.039 0.010 d.l 0.101 0.113 0.059 0.005 0.053 0.003 0.060 0.012 0.276 0.325
Sn 0.824 0.050 0.817 0.050 0.796 0.005 0.633 0.120 0.712 0.060 0.679 0.071 0.733 0.089 0.693 0.095
Sb 0.115 0.176 0.053 0.075 0.311 0.018 5.354 2.363 0.763 0.948 0.199 0.142 0.860 0.591 6.126 2.395
Cs 565.2 15.1 645.0 185 1402 119 1549 306 527.7 25.1 380.5 17.7 561.5 63.2 1407 433
Ba 0.033 0.004 0.073 0.079 0.064 0.027 0.206 0.169 0.100 0.077 0.072 0.036 0.065 0.026 0.121 0.112
La d.l. d.l. d.l 0.251 0.375 0.024 0.030 0.008 0.011 0.009 0.054 0.083
Ce 0.008 0.004 0.008 0.003 d.l 0.117 0.118 0.012 0.004 0.007 0.003 0.008 0.003 0.027 0.026
Nd 0.021 0.014 0.018 0.005 d.l 0.197 0.261 0.021 0.012 0.022 0.012 0.029 0.009 0.073 0.106
Gd 0.058 0.030 0.049 0.018 d.l 0.206 0.221 0.050 0.018 0.050 0.018 0.091 0.053 0.136 0.143
Yb d.l. 0.057 0.037 0.026 0.525 0.757 0.061 0.042 0.070 0.023 0.051 0.028 0.165 0.157
Hf 0.020 0.018 0.008 0.040 2.128 4.715 0.146 0.180 0.032 0.008 0.030 0.014 0.474 0.653
Ta 0.006 0.009 0.002 0.019 0.215 0.221 0.073 0.062 0.037 0.031 0.034 0.021 0.128 0.090
w 0.034 0.010 0.025 0.011 0.032 0.086 0.030 0.047 0.030 0.038 0.008 0.048 0.005 0.049 0.029
Pb 0.011 0.005 0.018 0.015 0.017 0.001 0.373 0.635 0.049 0.027 0.363 0.076 0.050 0.156 0.110
Bi 0.012 0.006 0.008 0.005 0.005 0.185 0.316 0.019 0.019 0.012 0.007 0.013 0.007 0.055 0.047
Th 0.010 0.004 0.014 0.005 d.l 0.656 1.252 0.030 0.035 0.010 0.003 0.009 0.004 0.144 0.175
u 0.008 0.005 0.006 0.002 d.l 0.203 0.407 0.114 0.135 d.l d.l. 0.094 0.059
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zones only show isolated peaks of enrichment. Overall, the cores of each beryl show enrichment
in S and Zn, while rims show enrichment in Ga, Hf, Ta, and Pb. The majority of beryl are also
enriched in Be, Li, and Ge in their cores, while rims are enriched in V, Cu, Y, Zr, Nb, Sb, Ba,

Ce, Nd, Gd, Yb, Bi, Th, and U. These rim-enrichment elements are also the most likely to show
zoning peaks in the crystal. Li and Cs concentrations are consistently several orders of
magnitude above Ta, Nb, and Y concentrations. Specific element trends in each grain are
described below.

Beryl 1 (Fig. 2.17a) shows a core with some internal variation and a rim. The core shows
slight overall enrichment decreases in Fe, Cs, Sc, K, and Rb content, decreasing slightly towards
the rim; Li is depleted and increases slightly towards the rim, and Na remains mostly constant.
The systematic inverse relationship between K and Li is especially clear in the core of this
crystal. Four places are shown where K content dips an Li content peaks, which may indicate
oscillatory zoning of these elements. However, because the concentrations of the other elements
stay relatively consistent across these points, these areas were not classified as distinct zones and
were instead classified collectively as the core. Similarly, these variations in K and Li were not
visible in the BSE photomicrographs of Beryl 1, which showed gradational Type i) zoning and
resembled Figure 2.12f. The rim of the crystal is marked by enrichment in Li, sharp depletion in
Fe, Na, Cs, Sc, and Rb, and irregular K and Cs concentrations. Minor heavy elements, including,
Sr, Y, Zr, Nb, Nd, Hf, Ta, Bi, Th, and U, show a gradual increase in concentration toward the
rim of the grain. Several distinct peaks of these elements are also present within the crystal core.

Beryl 3 (Fig. 2.17b) shows four zones: a core, an outer core zone, an inner rim zone, and
an outer rim zone. The core zone is slightly enriched in Li and depleted in all other plotted

elements, especially Sc. High enrichment in Sc relative to the core, a slight depletion of Li, and a
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Figure 2.17: LA-ICP-MS plots of traverses across beryl grains as shown in Figures 2.11 and
2.12, showing major chemical zoning. Traverses run from approximately core (marked, to left)
to rim (right), except (d), which runs from rim to rim. Black dashed lines indicate blocky zoning
borders visible in EMPA. (a) Beryl grain 1, showing gradational zoning and a characteristic
inverse relationship between Cs and K. (b) Beryl grain 3, showing blocky zoning seen in Figure
2.12b. (c) Beryl grain 5, showing distinctly defined zoning (Fig. 2.12d). (d) Beryl grain 7,
showing consistent zoning in its core and greater variation in the altered rims (Fig. 2.12e).
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slight enrichment in the other trace elements characterize the outer core. The inner rim shows a
slight magnification of the same trends seen in the outer core, especially Sc enrichment, and is
also distinguished from the outer core by a sudden depletion of K at the border between the two
zones. The outer rim is marked by a sharp enrichment in Cs, smaller increases in Fe, Na, K, Li,
and Rb contents, and a slight depletion of Sc. Enrichment in the minor heavy elements, such as
Y, Zr, Nb, Hf, and Ta, occurs in the outer core zone and the outer rim, and the concentration of
these element peaks just outside of the crystal core. These trends and zones match those seen in
BSE (Fig. 2.12b).

Beryl 5 (Fig. 2.17¢) has the lowest overall concentration of trace elements of the four
beryl crystals analyzed by LA-ICP-MS. The traverse for Beryl 5 includes the core, an outer core,
a broad inner rim, and a thin outer rim, matching the Type i zoning observed in BSE
photomicrographs (Fig. 2.12d). The core is characterized by enrichment in Li and severe
depletion of Sc; the other elements plotted are relatively most depleted in the core. Compared to
the core, the outer core is heavily enriched in Sc, slightly enriched in Fe, Na, Cs, K, and Rb, and
slightly depleted in Li. The inner rim is characterized by increases in Sc, K, and Rb content;
while Fe, Na, Cs, and Li slightly follow the trend of the outer core, their concentrations stay
relatively constant. The outer rim shows high enrichment in Cs, mild enrichment in Li, Fe, Na,
and Rb, and slight depletion of Sc and K. Many analyses of minor heavy elements, including Y,
Z, Nb, Hf, and Ta, fall below acceptable detection limits; this is most common in the core of the
crystal, as well as its outer rim. Beryl 5 also shows Be enrichment in its rim, and Sb shows
distinct spikes between zones defined by major elements.

Beryl 7 shows three distinct zones: a well-defined core, a well-defined outer core, and a

rim zone with more variation in trace element concentrations (Fig. 2.17d). The core, as with the
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cores of the Beryl 3 and 5, shows enrichment in Li and depletion of all other elements, with Sc
depletion being the most severe. The outer core is highly enriched in Sc, shows minor
enrichment in Cs, K, Rb, Fe, and Na, and is slightly depleted in Li. The rim shows more erratic
trends than the other zones. Compared to the outer core, it is enriched in Cs and Li, and depleted
in K, Rb, Fe, and Sc; Na stays relatively constant. Within these overall trends, K, Rb, Fe, and Sc
increase towards the crystal edge, while Na, Li and Cs decrease. The part of the outer rim
adjacent to the inner rim, where depletion of K, Rb, Fe, and Sc and enrichment of Cs and Li are
most pronounced, correlates with the Type iii) pervasively altered rim observed in Beryl 7 (Figs.
2.12e and 2.14). Li shows an inverse relation with Zn in this beryl; in each zone, if Li content
increases, Zn content generally decreases. This trend contrasts with the other three beryl, where
Li showed a positive correlation with Zn. Li also shows a positive relation with Cs and Na across
all zones in Beryl 7, especially in the rim, as opposed to its inverse relations in the other beryl.
(Figs. 2.17a-d). Most heavier trace elements, including Y, Zr, Nb, Hf, and Ta, are most
concentrated in the outermost rim as a series of irregular peaks.

In addition to traverses, the LA-ICP-MS apfu data was plotted on ternary diagrams to
determine the inverse relations and substitution mechanisms involving Li. Mineral formulae
were again recalculated based on 6 Si aBayllium content vasestimated by assuming
Be?*cac apfu = 3£Li* apfu, again assuming that the?’B&2-site was completely fullAl** was
similarly estimated a8l ®*cacapfu = 2 +(all R** apfu + all R* apfu), assuming th@-site was
full, that R** and R* substitution was negligible for A, and negligible substitution of Xl
occurred on the $iT1- site. Figure 2.18a displays the systematic inverse relation observed
between Li and Sé*, whereas Csremains nearly constant with*Lénrichment. Two separate

series of relative Content are also observed; Beryl 3, 5, and thepbhorer parts of Beryl 7
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Figure 2.18: Ternary diagrams showing relationships between different systematic relations and
substitution mechanisms in beryl involving Liollowing the abbreviations of Equations 2.1-4.
(a) Diagram showing systematic inverse relationship betweeand Sé* and two beryl series
with different relative Csconcentrations. (b) Diagram showing relationship between Li
substitution on B T2-site and all channel cations (Eq. 2.4). (c) Diagram showing relationship
between L substitution orT2-site (Eq. 2.4), A" on O-site (Eg. 2.1), and all channel alkalis in
coupled substitution (Egs. 2.1, 2.2, and 2.4). (d) Diagram showing relationship betiveen Li
substitution o 2-site (Equation 2.4) and 2+ cations in coupled substitutiod-site (Eq. 2.1),
confirming trends observed in (c)>Refers to all cations with 2+ charge measured (excluding
Be) and includes Mg, Ca, Mn, £eCo, Ni, Cu, Zn, Sr, Ba, and Pb; all are thought to be seated
in theO-site.
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contain less relativE€s’, and Beryl 1 and Lirich Beryl 7 contain more relative Cd=igure

2.18b shows the substitution of'lfor Be?* on theT2-site in the context of channel alkali

content. Beryl 7 clearly shows more' Isubstitution for B& than the other crystals, which all
have fairly similar degrees of Lsubstitution and mostly Type i) beryl zoning (Figs. 2.12b and
d). The Beryl 7 points with higher L.tontent and lower Bé& content correspond to the points in
the higher€s" series observed in Fig. 2.18a, which represent the Type iii) texture on the rim of
the crystal (Fig. 2.12e). FigurelBc compares Liand AF* content against channel alkali

content. A large variation in Alis observed, but selected beryl analyses, especially from Beryl
1 and 7, display an enrichmentliii. The samples of Beryl 7 enriched irf lhippear to be

making a trend toward Li and alkali enrichment away from the line of Al3+-alkali substitution,
perhaps indicating a compositional gap betw@eandT 2-site substitutions. Finally, Figure

2.18d compares Ltiand APF* content with all other measured*Rations, under the assumption
that all of these would substitute for®Ain theO-site. Points from Beryl 1 and 7 again show Li
enrichment in contrast with Al variation. The plots also show that within the widé*Al

variation, each crystal has a fairly distinct range of substitution o@-gite. Beryl 5 has the
leastO-site substitution, Beryl 7 has slightly more, Beryl 3 has still more, and Beryl 1 shows the
most replacement of Al by R* cations. Overall, three data groups exist in these ternary
diagrams: the first group points of Beryl 7 which are distinctly enriched*iarid alkalis and
depleted in Al*, S¢*, and Bé*; the second group contains Beryl 1 and is enriched iras

alkalis but depleted in At and Li; and the third group contains Beryl 3 and 5 and has a low,

constant Csconcentration, large variations in*§cand low substitution for Af on theO-site.
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2.6. Discussion
2.6.1 Magmatic to Hydrothermal Transition Recorded in Beryl

The California Blue Mine pegmatite shows distinct zoning and textures that indicate a
transition from magmatic to hydrothermal processes. The pegmatite shows igneous border, wall,
intermediate, and core zones, but the miarolitic pockets necessitate the exsolution of
hydrothermal fluids (Simmons et al., 2012). Mineralogical evidence includes a transition from
albite in the pegmatite to cleavelandite in the pockets (Figs. 2.6 andrizi®paz, smoky
guartz, and fluorite, which occur only in the pockets. Textural evidence includes wall zone
garnet dissolution textures (Fig. 2.4d), fluid inclusions in zircons, garnets, and smoky quartz
(Fig. 2.5), beryl dissolution textures in the pockets (Figs. 2.6 and 2.7), wall zone UST and
perthite (Fig. 2.9), and intermediate zone garnets with spessartine cores and almandine rims.
However, the clearer evidence for this transition is recorded in the beryl geochemistry and
zoning textures.

BSE images show that each beryl crystal has cores and rims from Type i) bang| zoni
likely produced by growth and melt evolution during fractional crystallization (Fig. 2.12). EMPA
element maps (Figs. 2.13 and 2.14) show that cores are enriched in Al and depleted in Sc, Na,
Fe, and Cs, show concentric and/or oscillatory zoning; we suspect that oscillatory zoning
sometimes produces similarly Al-enriched zones closer to the rims. Enrichment in Cs
characterizes the rims and indicates late metasomatism from hydrothermal fluids; rims are also
depleted in Al and enriched in Sc, Na, and Fe. This late metasomatism also produces transitional
Type ii) and extreme Type iii) beryl textures and fractures in the crystal rims (Fig. Ph&4).
inverse relationship between Al and Sc, Na, Fe, and Cs indicates coupled substitution on the

octahedral site which increases in intensity towards the rims of the crystals (Figs. 2.15a and c,
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2.16a and c; Eqg. 2.1). This substitution is the most important in the crystal and produces the Type
i) beryl zoning.O-site substitution is also important in Type ii) and Type iii) textures, but Li
substitution on thé& 2-site is thought to play a larger role, as confirmed by LA-ICP-MS.
LA-ICP-MS analysis provides additional information about Li concentrations in the
crystal zones, as well as systematic relationships between Li and other elements, especially Cs.
Crystals are relatively enriched in Li in their cores. Li concentration decrigatbesouter core
zones but increases again in the rim (Fig. 2.17), suggesting a late and/or episodic influx of Li
during growth of beryl. This corresponds with the late enrichment in Cs observed in EMPA, but
Li and Cs otherwise have an inverse relationship in the crystals. Li also shows a systematic
inverse relationship with Sc, K, and Rb content (Fig. 2.17). Ternary diagrams (Fig. 2.18) show
three beryl composition groups. Figure 2.18a shows two groups: a more metasomatized group
enriched in Cs and other alkali cations (Beryl 1 and 7) and a less metasomatized group depleted
in Cs and alkalis (Beryl 3 and 5). The Cs-rich group can be divided into a heavily-metasomatized
Li-rich group (Beryl 7) and a transitional Li-poor group (Beryl 1) (Figs. 2.18b and c). The
compositional gap betwed&handT2-site substitutions noted in Figure 2.18d may be caused by

specific genetic conditions such as rapid fluid circulation changes (Aurisicchio et al., 2012).

2.6.2 Comparison to Other Pegmatites

Since geological history of the area surrounding the California Blue Mine is complex and
not extensively researched, previously studied beryl-bearing pegmatites in other places were
used as analogues for examining the geochemistry of beryl and classification of the pegmatite.
Although the pegmatites of the Pala district are only ~110 km southwest of the California Blue

Mine, the mineralogy varies so significantly from that of the California Blue Mine that these
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pegmatites are not considered adequate analogues. A better analogue for the California Blue
Mine pegmatite is the Luuitki pegmatite in southeastern Finland, an NYF pegmatite which has
similar major mineralogy, contains miarolitic pockets which produce gem-quality beryl,aand w
the primary mineralogical analogue for this study (Michallik et al., 2017). Other relevant
locations include the likely LCT Velasco pegmatite district in the Sierras Pampeanas province of
Argentina (Sardi and Heimann, 2014), the LCT pegmatites of the Island of Elba, Italy
(Aurisicchio et al., 2012), and the likely NYF pegmatites of the Erongo Volcanic Complex in
Namibia (Lum et al., 2016). The use of beryl as an indicator of petrogenesis has also been
employed in these other studies; for example, a lack of alkali substitution into pegmatitic beryl in
the Velasco district is thought to indicate that the pegmatites are only lightly evolved, and that
beryl with high Li and Cs content likely represents late stage crystallization with maximum melt
fractionation (Sardi and Heimann, 2014). This trend is similar to that observed in the California
Blue Mine beryl, in which more evolved, metasomatized rims usually have higher Cs and
contents (Figs 13, 14, and 17).

EMPA data was compiled from eight studies which had analyzed beryl from a pegmatite.
It was not a requirement that the beryl be aquamarine; several samples from the other studies
were yellow, green, pink, or clear. The dataset includes beryl compositions from NYF
pegmatites in Austria, Canada, the Czech Republic, and Namibia (Lum et al., 2016; Novak and
JLOLS 3 LN U\@ntHim.OT pegmatites in the Czech Republic, mainland Italy
and its Island of Elba, Slovakia, Mozambique, and Zimbabwe (Aurisicchio et al., 2012; Cerny et
DO 1HLYD DQG 1HLYD 3 LNU\Q AtidughQecalculatio8 KHU HW
methods varied slightly, this difference was considered negligible, and apfu values for each

analysis were taken exactly as published. Data were only taken for the elements that we analyzed
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in this study. These values were plotted in binary and ternary scatter plots with the EMPA data
from the California Blue Mine in order to compare geochemical signatures. Because of
limitations from other data, direct comparison to the California Blue Mine was not possible in
some cases; for example, most papers presentgdsall Fé*, many papers did not calculate or
estimate Li content, and some papers did not analyze for Sc.

Binary plots were again used to examine substitution mechanisms. Figure 2.19a shows all
possible measurgd-site substituents, including Mg, Sc, Mn, Fe, Ca, and Ti, plotted against total
Al content; this is the same substitution as portrayed in Figure 2.15a, since all Ti data from the
California Blue Mine was below detection limit. Data from the California Blue Mine coincides
nicely with both NYF and LCT data in the high-Al range in the bottom right corner. This plot
shows that beryl from the California Blue Mine has more Al and@esise substitution than
other beryl. Figure 2.19b shows channel cations plotted against total Fe apfu, mirroring Figure
2.15c. Data are plotted on a log-scale x-axis to show the distribution of the LCTtslepwsi
clearly. While California Blue Mine beryl plots very close to the 1:1 ideal line, beryl from most
of the other deposits has a much higher excess of alkali cations. This excess may suggest that
other R* cations dominate substitution for Al on t®esite; since F& produces the blue color of
aguamarine (Aurisicchio et al., 2012), it is expected that the California Blue Mine beryl should
have a higher Fe content than its non-aquamarine analogues. However, the excess channel
cations may also indicate that other substitution mechanisms, such as coupled substitution on the
SiT1- and BeT2-sites, are more prevalent in other deposits than in the California Blue Mine
(Egs. 2.3-4). Only a few LCT analyses, as well as most analyses from the NYF pegmatite in
Namibia, plot below the ideal line, showing an excess of Fe. Figure 2.19c displays the Na/Cs

ratio plotted against Cs content, which are the two most common channel cations. California
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Figure 2.19: Scatter plots comparing the beryl chemistry of the California Blue Mine to that of
other beryl-bearing pegmatites. Red lines indicate ideal substitution lines and ratios. (a) A plot
showing substitution on the #lO-site as in Figure 2.15a; data from the California Blue Mine is

in the bottom right corner. (b) A plot showing the positive correlation betweéafe R

channel cations involved in the coupled substitution described by Equation 2.1, as in Figure
2.15c. X-axis is on a log scale in order to show distribution of data more clearly. (c) a plot of
Na/Cs content vs. Cs content, showing that the California Blue Mine beryl has relatively high Na
and low Cs. (d) A plot showing Al wt% oxide vs. Si wt% oxide, showing that the California Blue
Mine has a high Al and Si content.
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Blue Mine beryl has a much higher Na content and lower Cs content than most other beryl; there
is a compositional gap between the majority of other data and the California Blue Mine. No
distinct differences are noted between the NYF and LCT deposits in this comparison. In addition,
Na/Cs vs. Cs plots can be interpreted similarly to Na/Li vs Cs plots, which could not be
constructed in this case due to lack of Li data. Na/Li vs. According to Cerny (2002), Cs plots
illustrate a magmatic evolution trend and can be used to assign beryl to a specific pegmatite type;
data on the upper left of the plot indicates more primitive pegmatites, while data on the lower
right indicates highly fractionated pegmatites (Aurisicchio et al., 2012; Cerny, 2002b).

According to this interpretation, the California Blue Mine pegmatite would be somewhat
geochemically evolved, and would likely be classified as a beryl-columbite or complex

pegmatite (Cerny, 2002b). However, Cs enrichment usually occurred in areas of more
metasomatism in the California Blue Mine beryl, so the magmatic trend proposed by Cerny may
not fit here. Figure 2.19d compares®@¢ and SiQ wt% oxides. LCT analyses are overall closer

to the idealAl 203/SiO; ratio for beryl, while NYF analyses tend to have lower Al oxide content

and form a trend which is steeper than the ideal ratio. Data from the California Blue Mine beryl
plots almost exactly on the ideal8k/SiO; ratio line with the LCT trend. However, the

California Blue Mine data has higher Al content than most other analyses, plotting above the
ideal ratio in some cases, and has high Si content as well. This indicates that beryl from the
California Blue Mine has less overall substitution orOtsandT2-sites, and is closer to ideal

beryl composition, than the majority of other samples examined. Overall, the California Blue
Mine only appears to be more similar to LCT pegmatites in Figure 2.19d. In all other figures, it
does not appear to plot more similarly to LCT or NYF data. The deposit with the most similar

overall trends to the California Blue Mine is that of the Erongo Volcanic Complex, Namibia.
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Figure 2.20: Ternary diagrams comparing beryl from the California Blue Mine to that of other
beryl-bearing pegmatites from wt% oxide measurements. (a) A plot comparhgihel cation
oxides, total Fe oxide, and scaled Be oxide, showing highly variable Fe content and low
substitution for Be on th&2 site in the California Blue Mine. (b) A comparison of sonié R
cation oxides, total Fe oxide, and scaled Si and Ti oxides; showing the California Blue Mine
having a high Si content and coinciding with some NYF pegmatites, especially that of the
Erongo Volcanic Complex, Namibia.
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Ternary plots were constructed from wt% oxide data to compare Fe content of the beryl
and examine relationships between substitution mechanisms. Figure 2.20a shows a plot of
channel cations, total Fe content, and scaled Be. As in Figure 2.19b, all deposits except for the
pegmatite in Namibia have a higher relative alkali content than the California Blue Mine. The
accompanying decrease in Be content suggests that coupled substitution of Li and channel alkali
ions for Be on th@2-site is a more dominant substitution mechanism in other deposits,
especially LCT deposits (Eg. 2.4). Figure 2.20b shows that Fe is, as expected, more prevalent in
the California Blue Mine aquamarine beryl than in most other beryl. NYF data in this plot
appears to show two trends; one with very low Ca, Mg, and Mn content, and one with low Si and
Ti content. The low Ca, Mg, and Mn trend appears to coincide fairly well with the Caiforni
Blue Mine data. Beryl from LCT pegmatites display no clear compositional trends in this ternary
diagram. Overall, the Erongo Volcanic Complex pegmatite in Namibia still displays the closest

trends to the California Blue Mine.

2.6.3 Classification of the California Blue Mine Pegmatite

Granitic pegmatites can be classified in accordance with two schemes, one of which is
based on geochemical/mineralogical signatures, and the other on petrogenetic and tectonic
criteria (Cerny and Ercit, 2005; Martin and De Vito, 2005). In the geochemical scheme,
pegmatites are divided into five classes including abyssal, muscovite, muscovite-rare element,
rare element, and miarolitic (Table 2.5). All classes, except for muscovite pegmatites, contain
subclasses, which are further subdivided into types and subtypes for the rare-element and
miarolitic classes. The subdivisions in this classification are determined by the observed

accessory minerals in the pegmatite, which commonly include Li, Be, and REE minerals.
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Table 2.5: A table showing the geochemical/mineralogical classification of pegmatites and all its
subdivisions. The red bracket around the rare-element and miarolitic classes indicates that these

pegmatites can also be classified under the petrogenetic scheme. Modified from Cerny and Ercit
(2005).
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The petrogenetic classification presents three families: the NYF pegmatite (niobium-
yttrium-fluorine), the LCT pegmatite (lithium-cesium-tantalum), and the pegmatite with mixed
origins (Cerny and Ercit, 2005; Martin and De Vito, 2005). The NYF-family pegmatite is
commonly sourced from anorogenic A-type subaluminous to metaluminous granites, which are
formed in tectonically inactive intraplate settings. The LCT-family pegmatite is derived from
anatectic, peraluminous S-type and I-type granites, which form in zones of active tectonic
activity associated with collisional settings and orogenesis. The mixed family contains
characteristics of both NYF and LCT pegmatites and forms from anatectic A-type melts (Cerny
and Ercit, 2005; Martin and De Vito, 2005).

This study aimed to classify the California Blue Mine Pegmatite within the petrogenetic
pegmatite classification as LCT-type, NYF-type, or mixed-type. Specific evidence of this was to
be collected from identification of indicator minerals in hand sample, thin section, and SEM
work; geochemical analyses noting the concentrations and distribution of Li, Cs, Ta, Nb, Y, and
F; and structural and petrogenetic information observed in the field and recorded in the literature.

Mineralogical work produced few results. In collected hand samples, few indicator
minerals for each type were present. For the LCT-type, beryl, which often contains Li substituted
for Be, was noted, as well as minor schorl, which contains Li. For NYF-type, fluorite was noted
in the pockets. However, since these elements were modally small percentages of the pegmatite,
and beryl can occur in both LCT- and NYF-types, more evidence was sought at the microscopic
level. Unfortunately, thin section and SEM analysis showed no new major NYF or LCT indicator
minerals. Although minor zircon, monazite, and allanite were present, some of which contained

minor Y, no modally significant phases were found which would suggest a classification.
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Geochemical analysis showed slight but unreliable support for classifying the California
Blue Mine as LCT-type. While LA-ICP-MS data shows a greater concentration of Li and Cs than
Ta, Nb, or Y, geochemical evidence alone is insufficient to classify the pegmatite. In addition,
LA-ICP-MS data was only collected from beryl grains, in which Cs and especially Li are far
more major substituents than Ta, Nb, and Y; the content of Li and Cs in the overall pegmatite is
likely to be much lower. Preliminary bulk rock geochemistry data confirms this; average Li, Cs,
Ta, Nb, and Y contents are all between approximately 30-75 ppm. In addition, fluorine, a major
NYF element, was not analyzed. Therefore, comparing ppm concentrations or element counts is
not a reliable indicator of LCT or NYF characterization.

Comparison to other pegmatites yields similarly ambiguous results. Of all analogue
pegmatites examined, the NYF-type Luilkinpegmatite in Finland had the most similar
mineralogy, containing mainly quartz, albite, K-feldspar, biotite, beryl, and fluorite, with minor
zircon, rutile, topaz, and REE minerals. However, the Likiipegmatite is hosted in an A-type
Rapakivi granite rather than a gneiss, which is likely to produce the NYF signature (Michallik et
al., 2017). In comparison of EMPA data of betlge California Blue mine plotted close to the
LCT trend only in theAl 203 vs. SiQ plot. Where the California Blue Mine data did not coincide
exactly with NYF or LCT trends, the data which mimicked it most closely was that of the NYF-
type pegmatite of the Erongo Volcanic Complex, Namibia. The mineralogy of this pegmatite is,
however, different; major minerals include beryl, schorl, jeremejevite, cassiterite, quartz,
goethite, and fluorite (Lum et al., 2016).

Structural information and field observations proved the most helpful. Field relations,
including other Cretaceous pegmatites which crosscut the Mesozoic quartz monzonite, indicate

that the pegmatite was likely Jurassic to Cretaceous in age, which coincides with a time of
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plutonic intrusion and magmatic arc construction in the area (Garfunkel, 1974; Miller and
Morton, 1980). Thus, the pegmatite was probably formed in a tectonically active, orogenic
setting, meaning that it may be classified as an LCT-type pegmatite according to its tectonic
sdting (Martin and De Vito, 2005).

If the assumed tectonic setting of the pegmatite is correct, the California Blue Mine
pegmatite is LCT-type, an assertion shakily supported by geochemical analysis. However,
mineralogy and comparison to other pegmatites suggests an NYF signature. It is possible that the
California Blue Mine shows a mixture of NYF and LCT signatures, although its zoning and
mineralogy is not consistent with the mixed-NYF+LCT-type pegmatites described by Cerny
(2005). Based on information collected in this study, the California Blue Mine cannot be
definitively classified as NYF or LCT, and better indicators for its classification are suggested as

an area for further study.

2.6.4 Origin and Petrogenetic History

Based on examination of the textural, mineralogical, and geochemical zoning in the
pegmatite and its beryl crystals, we propose the following petrogenetic history for the California
Blue Mine Pegmatite. The host rock of the pegmatite is a Precambrian gneiss, dated to 1750 Ma
by crosscutting relations, which is part of the Pinto Group (Dibblee, 1967b; Silver, TB&1)
Precambrian gneiss is crosscut by a Mesozoic biotite quartz monzonite, and later, by a large
body of quartz monzonite. We speculate that the quartz monzonite and slightly older biotite
guartz monzonite are related to the series of Mesozoic intrusions described by Garfunkel (1974)
and Miller and Morton (1980), and that these intrusions may have provided the source pluton

and/or heat source for the California Blue Mine pegmatite. This hypothesis is supported by
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migmatites, a porphyritic intrusive body, and garnet-bearing portions of the host gneiss two km
to the northeast of the mine. These features are currently hypothesized to reflect a temperature
gradient up to granulite facies caused by the intrusion of a monzonite pluton, assimilation of
gneiss and possibly a combined source of the melts responsible for the formation of the
California Blue Mine pegmatite.

The pegmatite is assumed to intrude the host giretee Cretaceous during this same
period of igneous activity, which was produced by subductive magmatic arc construction; this
assumption is based on the fact that other pegmatites in the area crosscut the quartz monzonite
(Dibblee, 1967d). The concordant dikelets were probably intruded concordantly into the gneiss
along planes of weakness on its foliations slightly after the main dike; the textures in the dikelets
vary from equigranular, medium-grained, biotite-poor aplite to very coarse-grained pegmatite,
and the boundaries between the dikelets and the main dike are gradational to indiscernible. Rapid
undercooling and constitutional zone refining likely produced the directional textures, including
UST and graphic texture, present in the pegmatite (London and Morgan, 2012). As the pegmatite
cooled, different mineralogical and textural zones evolved, including the border, wall, and
intermediate zones with the first accumulation of beryl, followed by core zone and the miarolitic
pockets by the exsolution of volatiles concentrated by fractional crystallization (Linnen et al.,
2012). This also led to the formation of large smoky quartz and K-feldspar crystals in the
pockets.

Based on textural and mineralogical observations, we postulate that three main stages of
beryl crystallization occurred, recording the pegmatite evolution (Fig. 2.21). Stage | (Fig. 2.21a)
represents original magmatic processes; the border, wall, and intermediate zones of the pegmatite

crystallized, and Type i) concentrically zoned beryl was produced in the intermediate zone. The
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Figure 2.21: Schematic model of major beryl crystallization stages in the California Blue Mine.

(a) Stage | consists of magmatic processes forming the border, wall, and intermediate zones; this
produces concentric Type i beryl as crystallization of other minerals changes melt composition.
(b) Stage Il consists of the formation of the core from a mixture of melt and exsolved fluids,
producing patchy Type ii beryl overprints on Type i zoning. The remaining melt is enriched in
volatiles and fluxing elements, including B, F, Li, and P. (c) Stage Il consists of the cooling of
miarolitic pockets, produced by the complete exsolution of volatiles from the melt. The high
pressure in the pockets and concentration of incompatible elements produces pervasively altered
Type iii beryl texture; any later influxes of external hydrothermal fluids similarly produce Type

iii beryl.
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different beryl textures were likely produced by melt evolution through fractional crystallization
and subsequent melt enrichment with otherwise incompatidheents such as Li, Be, and Sc.

Stage Il represents the formation of the quartz-rich pegmatite core and the beryl within it (Fig.
2.21Db), and this stage represents the transition from magmatic to hydrothermal processes as the
dominant factors in crystallization of this pegmatite. At this point in the cooling of the pegmatite,
an aqueous fluid separated from the original melt; these fluids would metasomatize some of the
crystallized beryl and result in the patchy Type ii) beryl zoning. The composition of these beryl

is enriched in Sc, Fe, and some Na. Stage lll represents the final crystallization of the miarolitic
pockets, possibly from ponding of the buoyant aqueous fluid in Stage Il at the top of the
pegmatite (Fig. 2.21c). The pressurized, volatile-enriched hydrothermal fluids left in the pockets
caused alteration and produced the Type iii) pervasively altered beryl texture. The miarolitic
pockets may also have been exposed to outside fluids through pocket rupture from excess fluid
pressure or external fractures (Linnen et al., 2012), bringing in additional elements such as Li
andCs After pressure decreased, Type ii) beryl may have continued to form alongside the Type
iii) beryl. In addition, fluorite and topaz in the pockets were heavily etched, and some beryl was
altered to aggregates of small prismatic crystals or removed completely and recrystallized.
Figure 2.22 summarizes the mineralization sequence of the major phases in the pegmatite during

each stage.

2.6.5 Conclusions

In this study, we have integrated field, mineralogical, and geochemical methods to make

observations and interpretations about the mineralogy, geochemistry, and geologic history of the
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Figure 2.22: A mineral paragenesis diagram describing the sequence of mineralization in the
California Blue Mine pegmatite. Line thicknesses indicate relative modal proportions formed
during each time period.
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California Blue Mine. The California Blue Mine likely formed from a pluton related to a series

of granitic intrusions into a Precambrian gneiss during the late Mesozoic. Differences in mineral
textures and compositions, which are used to delineate the pegmatite into a border zone, wall
zone, intermediate zone, core zone, and miarolitic pockets, suggest that magmatic processes gave
ZD\ WR K\GURWKHUPDO SURFHVVHYVY DSSUR[LPDWHO\ GXULQJ \
Beryl shows three distinct types of textures coinciding with three crystallization stages in the
pegmatite: Type i) distinct or gradational concentric core zoning which is produced by magmatic
processes in the intermediate zone, Type ii) patchy transitional metasomatism produced in the
core by magmatic and hydrothermal processes, and Type iii) pervasive alteration produced in
miarolitic pockets by hydrothermal processes. Coupled substitutioff ciRons such ase? for

AlI%* on the octahedral site and @ations such aa’ on the empty channel sites is the main
substitution mechanism in this beryl and defines the different textures and zones described
above. Overall, beryl cores are enriched in Al and depleted in Sc, Fe, Na, and Cs. Rims are
depleted in Al and enriched in Sc, Fe, Na, and Cs as O-site substitution becomes more prevalent,
creating magmatic Type i) zoning. Hydrothermal Type ii) and iii) textures are influenced by both
O-site substitution and coupled substitution ofHR* for B€* on theT2 and channel sites; the
metasomatic signature of these texture types is restricted to the crystal rims and characterized by
enrichment in Li and Cdn addition, Li shows a systematic inverse relationship with Sc, K, and

Rb. The California Blue Mine is not yet classified as LCT or NYF. Additional areas proposed for
further study include trace element analysis of all beryl crystals sampled, detailed Raman
spectroscopy analysis, and cathodoluminescence work on all beryl samples in order to further

characterize its geochemical signature and further delineate its crystallization stages. Fluid
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inclusion work, zircon dating, bulk rock geochemical analysis, and more detailed field mapping
are suggested to more accurately describe the geologic history of the pegmatite. These analyses
would also help to determine where the late influx of Cs and Li comes from, and whether or not
the pegmatite was an open system and influenced by external fluids. The California Blue Mine
remains a complex pegmatite, formed of magmatic and hydrothermal processes, that requires

further research to classify.
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CHAPTER 3
GENERAL CONCLUSIONS

Using previous literature and information obtained from this study, we have organized
our observations and interpretations into a preliminary mineralogical and petrogenetic
description of the California Blue Mine aquamarine- and topaz-bearing pegmatite. We have
recorded the field relations of the pegmatite and placed it into the context of its regional geologic
history. We have delineated the zoning present in the California Blue Mine pegmatite and
catalogued the mineralogy and textures present in each zone. We have identified several
indications of a transition between magmatic and hydrothermal processes in the formation of this
pegmatite. Beryl in the pegmatite has been categorized into three distinct texture types
corresponding with three specific stages of crystallization. Main substitution mechanisms and
geochemical trends in the beryl have been identified. Based on these conclusions, we have
tentatively classified the California Blue Mine within the petrogenetic classification scheme for
pegmatites.

The beryl textural scheme, petrogenetic history, and geochemical analyses and
interpretations presented by this thesis lay a groundwork for further research on the California
Blue Mine. Very little previous field work has been done in the area of the California Blue Mine,
and the regional geologic history has not been interpreted in detail past the Cenozoic, but further
study of structural field relations would help to constrain the age of the pegmatite; dating of the
zircons in the pegmatite could also help to determine a more specific age. Fluid inclusion work
on the observed spessartine, zircon, and quartz grains, as well as bulk rock geochemical analysis,

are suggested to more accurately understand the conditions of pegmatite formation. We
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interpreted the beryl as crystallizing as three stages, but up to six different zones were identified
in some crystals, and the star-shaped zoning is unexplained. Future work should focus on more
detailed trace element analysis and cathodoluminescence work to find more intermediate

zonation and better understand the sequence of beryl crystallization.
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APPENDIX A

SAMPLING LOCATION AND TEXTURAL INFORMATION FOR BERYL SAMPLES

Table A.1: Locations and textural information for California Blue Mine beryl crystals used in

SEM, EMPA, and LA-ICP-MS analyses.

Crystal  Matrix or Location in Dike Pegmatite Zone Observed
Number Field Sample of Origin Textures
Number

Beryl1 CBM-3 Float from pegmatite Intermediate zone Type i)
dikelet with Type 1 gradational
miarolitic pocket

Beryl2 CBM-3 Float from pegmatite Intermediate to  Type i) distinct,
dikelet with Type 1 core zone Type ii)
miarolitic pocket

Beryl3 CBM-GD1 Float from Type 1 Type 1 miarolitic  Type i) distinct,
miarolitic pocket in dikelet pocket star-shaped and
from CBM-3 oscillatory

Beryl4 CBM-GD1 Float from Type 1 Type 1 miarolitic  Type i) distinct
miarolitic pocket in dikelet pocket and oscillatory
from CBM-3

Beryl5 CBM-GD1 Float from Type 1 Type 1 miarolitic  Type i) distinct
miarolitic pocket in dikelet pocket and star-shaped
from CBM-3

Beryl6 CBM-GD2 Float from Type 1 Type 1 miarolitic Type i)
miarolitic pocket in main  pocket gradational
dike from CBM-11

Beryl 7 CBM-GD2 Float from Type 1 Type 1 miarolitic  Type i) distinct
miarolitic pocket in main  pocket and oscillatory,
dike from CBM-11 Type iii)

Beryl8 CBM-11 Float from main dike with Core zone Type i)
Type 1 pocket gradational

Beryl9 CBM-11 Float from main dike with Core zone Type i)
Type 1 pocket gradational
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FULL EMPA DATA OF BERYL

APPENDIX B

Table B.1: Full data from EMPA analysis of major elements in beryl from pegmatite. *Not included in wt. % oxide sum.

Sample: Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1
CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3
Analysis 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160
Point:
Crystal Rim Rim Rim Rim Core Core Core Core Core Core Core Core Core Core Core Rim Rim Rim Rim Rim
Zone:
Si0; wt% 65.8 65.8 65.8 65.6 65.8 65.5 65.7 65.8 65.9 65.8 65.8 65.5 65.7 65.9 65.6 65.7 65.9 65.8 65.9 66.2
Al203 18.1 18.0 17.8 17.7 17.7 17.6 17.6 17.8 17.8 17.7 17.5 17.6 17.6 17.6 17.8 17.7 17.8 17.7 17.8 18.0
NaO 0.29 0.36 0.39 0.39 0.43 0.44 0.45 0.42 0.43 0.40 0.46 0.44 0.43 0.42 0.53 0.42 0.43 0.40 0.39 0.35
MgO 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.01
RO d.l d.l 0.01 d.l 0.01 0.01 d.L d.l. d.l. 0.01 0.01 0.02 d.L 0.01 0.01 d.L d.l. 0.01 d.L d.l.
K20 0.01 0.02 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.03 0.04 0.03 0.02 0.03 d.l 0.02 0.01 0.02 0.01 0.01
Cg0 0.12 0.17 0.17 0.16 0.14 0.14 0.15 0.16 0.16 0.16 0.16 0.15 0.15 0.15 0.14 0.15 0.16 0.15 0.14 0.14
CaO d.l d.l d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
TiO2 d.l d.l d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Se0s 0.09 0.12 0.13 0.13 0.14 0.14 0.14 0.14 0.15 0.15 0.16 0.16 0.15 0.14 0.15 0.13 0.13 0.12 0.12 0.10
FeQot 0.83 1.18 1.26 1.37 1.44 1.35 1.47 1.36 1.36 1.46 1.49 1.48 1.40 1.36 1.33 1.27 1.34 1.28 1.20 1.03
MnO 0.03 0.04 0.04 0.03 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.03 0.04 0.03 0.03
*BeO*calc 13.6 135 13.6 13.6 13.6 13.6 13.6 135 13.6 13.6 13.7 135 13.6 13.7 135 13.6 13.7 13.7 13.7 13.8
*H20calc 1.05 0.80 0.70 0.95 0.60 1.15 0.75 0.70 0.50 0.65 0.65 1.05 0.85 0.60 0.85 0.85 0.50 0.75 0.65 0.30
Sum 85.3 85.7 85.7 85.4 85.8 85.3 85.6 85.8 85.9 85.8 85.6 85.4 85.5 85.7 85.7 85.5 85.8 85.5 85.6 85.9
T1 Site
Si apfu 5.991 5.985 5.990 5.987 5.988 5.991 5.990 5.991 5.987 5.985 5.991 5.986 5.988 5.992 5.987 5.991 5.989 5.992 5.993 5.994
Al 0.020 0.034 0.020 0.023 0.022 0.016 0.019 0.030 0.028 0.031 0.012 0.027 0.022 0.013 0.032 0.018 0.021 0.011 0.011 0.011
Sum 6.011 6.019 6.009 6.010 6.010 6.008 6.009 6.021 6.015 6.017 6.002 6.013 6.011 6.004 6.019 6.009 6.010 6.003 6.004 6.005
T2 Site
Becaic 2.976 2.957 2.982 2.982 2.980 2.985 2.984 2.946 2.968 2.964 3.002 2974 2.979 2.996 2.958 2.982 2.983 2.998 2.996 2.992
Licaic 0.024 0.043 0.018 0.018 0.020 0.015 0.016 0.054 0.032 0.036 -0.002 0.026 0.021 0.004 0.042 0.018 0.017 0.002 0.004 0.008
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1.926 1.894 1.887 1.880 1.872 1.879 1.869 1.878 1.877 1.869 1.865 1.866 1.874 1.879 1.881 1.886 1.882 1.887 1.894 1.910
Mg 0.002 0.003 0.003 0.003 0.004 0.004 0.005 0.004 0.004 0.004 0.005 0.005 0.004 0.003 0.003 0.004 0.003 0.003 0.003 0.002
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.007 0.010 0.011 0.011 0.011 0.011 0.011 0.011 0.012 0.012 0.013 0.012 0.012 0.011 0.012 0.010 0.010 0.010 0.009 0.008
Fe* 0.029 0.023 0.056 0.056 0.060 0.067 0.065 0.021 0.045 0.036 0.086 0.054 0.056 0.073 0.051 0.058 0.061 0.071 0.067 0.056
Fe* 0.035 0.067 0.040 0.048 0.050 0.037 0.047 0.082 0.058 0.074 0.028 0.059 0.051 0.031 0.051 0.039 0.041 0.026 0.024 0.022
Mn 0.002 0.003 0.003 0.002 0.003 0.003 0.003 0.004 0.004 0.004 0.004 0.004 0.003 0.003 0.003 0.003 0.002 0.003 0.002 0.002
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel Site
Na 0.051 0.063 0.069 0.069 0.077 0.079 0.079 0.073 0.076 0.070 0.082 0.079 0.076 0.074 0.093 0.075 0.077 0.070 0.069 0.061
Rb 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000
K 0.001 0.002 0.004 0.004 0.004 0.003 0.003 0.003 0.003 0.004 0.004 0.003 0.002 0.004 0.000 0.003 0.001 0.003 0.001 0.001
Cs 0.005 0.007 0.007 0.006 0.005 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.005 0.005
Sum 0.056 0.072 0.080 0.079 0.087 0.088 0.089 0.083 0.085 0.081 0.093 0.089 0.084 0.084 0.099 0.083 0.084 0.079 0.076 0.068
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Table B.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2 #2
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-3 CBM-3 CBM-3 CBM-3 CBM-3 CBM-3  CBM-3
3 3 3 3 3 3 3 3 3 3 3 3 3
Analysis 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180
Point:
Crystal Rim Rim Rim Rim Rim Rim Core Core Core Core Core Core Core Rim Rim Rim Rim Rim Rim Rim
Zone: (Al- (Al- (Al- (Al- (Al- (Al- (Al-
tered) tered) tered) tered) tered) tered) tered)
SiOz
wt% 65.9 65.8 65.8 65.9 65.9 65.7 66.1 66.1 65.9 66.2 65.9 66.0 66.1 66.3 66.2 66.1 66.0 66.1 66.1 66.1
Al203 18.0 17.8 17.7 17.7 17.7 17.7 18.0 18.1 18.0 18.1 18.0 18.1 18.1 18.2 18.1 18.1 18.1 18.2 18.1 18.5
Na.O 0.35 0.41 0.41 0.41 0.43 0.40 0.32 0.32 0.34 0.33 0.33 0.33 0.30 0.33 0.33 0.33 0.33 0.34 0.35 0.29
MgO 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01
RO d.l. 0.01 d.L d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.01 d.. d.l. d.l. d.l. d.l. d.l. d.l d.l d.l.
K20 0.01 0.01 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.03 0.01 0.03 0.02 0.03 0.01 0.02 0.03 0.02 0.01
Cs0 0.14 0.15 0.15 0.17 0.16 0.17 0.05 0.07 0.07 0.07 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.05
CaO d.l. d.l d.l. d.l. d.l d.l. d.l d.l. d.l d.l. d.l. d.l d.l d.l d.l d.l d.l d.l. d.l. d.l
TiO2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l d.l.
Se0s 0.11 0.13 0.14 0.14 0.14 0.16 0.11 0.11 0.11 0.10 0.11 0.11 0.11 0.10 0.11 0.11 0.12 0.11 0.12 0.06
FeQot 1.21 1.36 1.38 1.37 1.36 1.31 1.02 1.04 1.07 1.05 1.06 1.09 1.07 1.05 1.00 1.04 1.00 0.96 1.00 0.76
MnO 0.04 0.03 0.05 0.04 0.05 0.05 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02
*BeOcalc 13.6 13.6 13.6 13.7 13.6 13.5 13.7 13.6 13.6 13.6 13.6 13.6 13.7 13.7 13.7 13.7 13.6 13.7 13.6 135
*H20calc 0.65 0.70 0.65 0.45 0.55 0.90 0.55 0.55 0.80 0.45 0.80 0.60 0.50 0.25 0.50 0.50 0.65 0.50 0.60 0.70
Sum 85.8 85.7 85.7 85.9 85.8 85.6 85.7 85.8 85.6 85.9 85.6 85.8 85.8 86.1 85.8 85.8 85.7 85.8 85.8 85.8
T1 Site
Si apfu 5984 5985 5987 5988 5988 5988 5992 5988 5988 5989 5990 5986 5.988 5.988 5.991 5.989 5.988 5.989 5.989 5.987
Al 0.035 0.032 0.024 0.021 0.023 0.027 0.014 0.026 0.027 0.028 0.022 0.029 0.023 0.027 0.021 0.024 0.027 0.023 0.024 0.037
Sum 6.018 6.017 6.011 6.009 6.011 6.015 6.006 6.014 6.015 6.016 6.012 6.015 6.011 6.014 6.012 6.013 6.014 6.012 6.013 6.023
T2 Site
Beéalc 2961 2964 2980 2985 2980 2967 2989 2971 2966 2962 2973 2968 2.980 2.970 2.973 2971 2.969 2.975 2.973 2.946
Li calc 0.039 0.036 0.020 0.015 0.020 0.033 0.011 0.029 0.034 0.038 0.027 0.032 0.020 0.030 0.027 0.029 0.031 0.025 0.027 0.054
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1.893 1.880 1.876 1.878 1878 1.880 1.909 1.909 1.905 1.907 1906 1.905 1.906 1.909 1911 1.910 1.910 1.914 1.910 1.935
Mg 0.003 0.003 0.004 0.003 0.004 0.004 0.003 0.002 0.002 0.003 0.002 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.003 0.001
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.009 0.011 0.011 0.011 0.011 0.013 0.009 0.008 0.009 0.008 0.009 0.009 0.009 0.008 0.008 0.009 0.009 0.009 0.009 0.005
Fe* 0.023 0.039 0.054 0.061 0.059 0.041 0.045 0.029 0.026 0.021 0.033 0.025 0.033 0.027 0.032 0.030 0.028 0.035 0.033 0.000
Fe* 0.068 0.064 0.051 0.044 0.044 0.059 0.032 0.050 0.056 0.059 0.048 0.058 0.048 0.052 0.043 0.048 0.048 0.038 0.043 0.057
Mn 0.003 0.003 0.004 0.003 0.004 0.004 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.002 0.002 0.002 0.001
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel
Site
Na 0.061 0.073 0.073 0.072 0.077 0.071 0.056 0.057 0.060 0.058 0.059 0.057 0.053 0.057 0.058 0.058 0.059 0.059 0.061 0.052
Rb 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K 0.002 0.002 0.003 0.003 0.004 0.003 0.003 0.003 0.002 0.003 0.003 0.002 0.003 0.002 0.004 0.002 0.002 0.003 0.002 0.001
Cs 0.005 0.006 0.006 0.007 0.006 0.007 0.002 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Sum 0.068 0.081 0.082 0.082 0.087 0.081 0.061 0.062 0.064 0.064 0.064 0.061 0.058 0.061 0.064 0.062 0.063 0.064 0.066 0.055
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Table B.1 Continued.

Sample: Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1
Analysis 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200
Point:
Crystal Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Outer Outer Outer Outer Outer
Zone: Core Core Core Core Core
SiO; wt% 65.7 65.9 66.0 65.9 66.0 66.0 66.0 66.1 66.0 66.0 66.0 66.3 66.2 66.1 66.1 66.3 66.5 66.3 66.0 66.1
Al203 18.0 17.7 17.9 17.8 17.9 17.9 18.0 17.9 17.9 18.0 18.0 18.0 17.9 18.0 18.0 18.1 18.3 18.3 18.4 18.4
Na:0 0.32 0.35 0.38 0.37 0.36 0.36 0.35 0.36 0.34 0.35 0.35 0.36 0.35 0.34 0.30 0.30 0.27 0.28 0.26 0.28
MgO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Rb0 d.l d.l. d.l. d.l. d.l. d.l. d.l. 0.01 d.L d.l. d.l. d.l. 0.01 0.01 d.L d.l d.l d.l d.l. d.l
K20 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.02
C=0 0.16 0.18 0.18 0.08 0.09 0.07 0.08 0.07 0.07 0.07 0.06 0.07 0.08 0.08 0.07 0.08 0.05 0.05 0.05 0.06
CaO d.l. d.l d.l d.l d.l d.l. d.l d.l. d.l d.l. d.l d.l d.l d.l 0.01 d.L d.l d.l d.l. d.l
TiO2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l.
Se0s 0.11 0.13 0.13 0.15 0.14 0.14 0.12 0.12 0.12 0.11 0.12 0.12 0.12 0.11 0.10 0.10 0.04 0.05 0.04 0.04
FeQot 1.08 1.08 1.19 1.14 1.08 1.15 0.99 1.21 1.03 1.05 1.14 1.15 1.18 1.10 0.95 0.98 0.74 0.78 0.81 0.83
MnO 0.03 0.03 0.03 0.03 0.04 0.03 0.02 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.02
*BeOcalc 13.6 13.7 13.7 13.7 13.7 13.6 13.7 13.7 13.7 13.7 13.6 13.8 13.8 13.7 13.8 13.8 13.8 13.7 135 13.6
*H20caic 0.95 0.85 0.45 0.80 0.55 0.65 0.75 0.40 0.80 0.60 0.65 0.15 0.35 0.50 0.60 0.25 0.25 0.50 0.80 0.60
Sum 85.5 85.5 85.9 85.5 85.7 85.7 85.6 85.9 85.5 85.7 85.8 86.1 85.9 85.8 85.6 86.0 85.9 85.8 85.7 85.8
T1 Site
Si apfu 5987 6.001 5991 5991 5991 5989 5993 5989 5995 5991 5988 5992 5992 5989 5994 5.993 5.996 5.992 5.987 5.987
Al 0.026 0.001 0.019 0.014 0.014 0.023 0.017 0.020 0.007 0.016 0.028 0.015 0.013 0.018 0.007 0.015 0.007 0.019 0.039 0.030
Sum 6.013 6.001 6.009 6.005 6.006 6.012 6.010 6.009 6.003 6.007 6.016 6.007 6.005 6.008 6.001 6.007 6.003 6.011 6.026 6.017
T2 Site
Becaic 2974 2996 2982 2993 2992 2974 2978 2983 2997 2990 2963 2986 2995 2987 3.004 2.985 2.995 2.973 2.945 2.962
Li calc 0.026 0.004 0.018 0.007 0.008 0.026 0.022 0.017 0.003 0.010 0.037 0.014 0.005 0.013 -0.004 0.015 0.005 0.027 0.055 0.038
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1904 1.903 1.894 1896 1.901 1.897 1911 1.895 1907 1.906 1.898 1900 1.897 1.903 1.915 1.914 1.936 1.934 1.932 1.931
Mg 0.002 0.002 0.002 0.003 0.003 0.002 0.002 0.002 0.003 0.003 0.004 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.002
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.009 0.010 0.010 0.012 0.011 0.011 0.010 0.010 0.009 0.009 0.009 0.009 0.009 0.009 0.008 0.008 0.004 0.004 0.003 0.003
Fe?* 0.035 0.062 0.0563 0.060 0.057 0.039 0.041 0.048 0.059 0.053 0.024 0.050 0.060 0.049 0.055 0.040 0.043 0.023 0.000 0.013
Fe* 0.048 0.020 0.037 0.027 0.025 0.049 0.035 0.044 0.020 0.027 0.062 0.036 0.030 0.034 0.017 0.034 0.013 0.036 0.061 0.050
Mn 0.002 0.002 0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.002 0.002 0.002 0.001 0.002 0.001
Sum 2.000 2.000 2.000 2.000 2.000 2000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel
Site
Na 0.057 0.061 0.067 0.065 0.064 0.064 0.061 0.064 0.060 0.061 0.062 0.063 0.062 0.059 0.052 0.053 0.047 0.049 0.046 0.049
Rb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
K 0.002 0.002 0.003 0.004 0.003 0.003 0.003 0.002 0.003 0.004 0.003 0.003 0.003 0.004 0.002 0.003 0.003 0.002 0.002 0.002
Cs 0.006  0.007 0.007 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.002 0.002
Sum 0.066 0.070 0.077 0.072 0.070 0.069 0.067 0.069 0.066 0.068 0.067 0.069 0.069 0.066 0.057 0.059 0.052 0.053 0.050 0.054
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Table B.1 Continued.

Sample: Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4 #4
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1
Analysis 201 202 203 204 205 206 207 208 209 210 211 212 213 214 215 216 217 218 219 220
Point:
Crystal Core Core Core Core Core Core Core Core Core Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim
Zone:
SiOz wt% 65.8 65.8 66.1 65.8 66.1 65.6 65.8 66.0 65.8 65.9 65.8 65.8 66.0 66.0 66.2 65.9 65.6 66.0 66.2 65.9
Al203 17.7 17.7 17.6 17.8 17.8 17.7 17.7 17.7 17.7 17.7 17.8 17.6 17.9 17.8 17.9 17.8 17.9 18.0 18.1 18.1
Na0 0.43 0.43 0.44 0.44 0.43 0.42 0.40 0.42 0.38 0.41 0.41 0.40 0.38 0.37 0.37 0.35 0.32 0.32 0.32 0.33
MgO 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02
Rb0 d.l d.l d.l d.l 0.01 d.l 0.02 d.l d.l. d.l. d.l. d.l. d.l d.l d.l 0.01 d.L d.l d.l. d.l.
K20 0.03 0.04 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.03 0.03 0.01 0.01 0.03 0.02 0.02
C=0 0.16 0.15 0.17 0.18 0.15 0.14 0.13 0.18 0.16 0.12 0.14 0.14 0.14 0.14 0.14 0.15 0.12 0.12 0.12 0.13
CaO d.l. d.l. d.l. d.l. d.l. d.l d.l d.l. d.l. d.l d.l d.l d.l d.l d.l d.l d.l d.l d.l. d.l.
TiO2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l
Se0s 0.15 0.14 0.14 0.13 0.13 0.12 0.13 0.14 0.13 0.13 0.12 0.13 0.13 0.12 0.12 0.13 0.11 0.11 0.10 0.09
FeQut 1.31 141 1.44 1.35 1.37 1.36 1.36 1.38 1.42 1.32 1.24 1.25 1.22 1.18 1.23 1.23 1.07 1.18 1.08 1.04
MnO 0.04 0.04 0.04 0.05 0.04 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.03 0.03 0.04 0.03 0.04 0.03 0.03 0.03
*BeOcalc 13.6 13.6 13.8 135 13.7 13.6 13.7 13.7 13.6 13.7 13.6 13.7 13.7 13.7 13.7 13.7 13.6 13.6 13.7 13.6
*H20caic 0.75 0.70 0.25 0.60 0.25 1.05 0.70 0.45 0.70 0.65 0.85 0.80 0.55 0.60 0.25 0.70 1.25 0.60 0.35 0.75
Sum 85.6 85.7 86.0 85.9 86.1 85.4 85.6 85.8 85.7 85.7 85.5 85.5 85.8 85.7 86.0 85.6 85.2 85.8 86.0 85.7
T1 Site
Si apfu 5990 5988 5992 5987 5990 5988 5991 5991 5989 5989 5991 5995 5991 5993 5988 5990 5990 5983 5988 5.987
Al 0.019 0.026 0.010 0.032 0.021 0.024 0.016 0.015 0.022 0.017 0.019 0.006 0.019 0.014 0.022 0.018 0.023 0.025 0.023 0.030
Sum 6.009 6.014 6.002 6.019 6.011 6.012 6.007 6.006 6.011 6.007 6.010 6.001 6.010 6.006 6.010 6.008 6.013 6.013 6.012 6.017
T2 Site
Becaic 2984 2971 3.003 2956 2976 2977 2987 2991 2979 2990 2979 3.003 2979 2988 2982 2987 2972 2973 2977 2962
Licalc 0.016 0.029 -0.003 0.044 0.024 0.023 0.013 0.009 0.021 0.010 0.021 -0.003 0.021 0.012 0.018 0.013 0.028 0.027 0.023 0.038
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1.882 1875 1873 1879 1.878 1.879 1.879 1.877 1.876 1.884  1.889 1.888  1.893 1.895 1.892 1.891 1.905 1.897 1.905 1.909
Mg 0.004 0.004 0.003 0.004 0.004 0.004 0.004 0.003 0.003 0.002 0.0038 0.003 0.003 0.003 0.003 0.0038 0.002 0.003 0.003 0.002
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.012 0.011 0.011 0.011 0.011 0.009 0.010 0.011 0.010 0.010 0.010 0.011 0.010 0.009 0.009 0.010 0.008 0.008 0.008 0.007
Fe?* 0.063 0.051 0.083 0.036 0.053 0.052 0.060 0.068 0.049 0.064 0.053 0.077 0.049 0.058 0.049 0.051 0.029 0.032 0.035 0.023
Fet 0.037 0.056 0.026 0.067 0.051 0.051 0.043 0.037 0.058 0.037 0.041 0.018 0.044 0.032 0.044 0.043 0.052 0.057 0.047 0.056
Mn 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0.004 0.004 0.003 0.004 0.003 0.002 0.002 0.003 0.002 0.003 0.002 0.002 0.002
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel
Site
Na 0.076 0.076 0.077 0.078 0.076 0.075 0.071 0.075 0.067 0.072 0.072 0.070 0.067 0.066 0.065 0.062 0.057 0.057 0.056 0.058
Rb 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
K 0.004 0.004 0.003 0.003 0.002 0.003 0.004 0.003 0.003 0.002 0.003 0.004 0.002 0.003 0.003 0.002 0.001 0.003 0.003 0.002
Cs 0.006 0.006 0.007 0.007 0.006 0.006 0.005 0.007 0.006 0.005 0.005 0.005 0.005 0.005 0.006 0.006 0.005 0.005 0.005 0.005
Sum 0.086 0.086 0.086 0.088 0.085 0.083 0.081 0.084 0.077 0.079 0.080 0.079 0.074 0.074 0.074 0.070 0.063 0.064 0.063 0.065
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Table B.1 Continued.

Sample: Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1
Analysis 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240
Point:

Crystal Core Core Core Core Core Core Outer Outer Outer Inner Inner Inner Inner Inner Inner Inner Inner Rim Rim Rim
Zone: Core Core Core Rim Rim Rim Rim Rim Rim Rim Rim

SiOz wt% 66.5 66.4 66.6 66.3 66.3 66.4 66.3 66.4 66.2 66.3 66.3 66.1 66.2 66.3 66.4 66.4 66.3 66.1 66.2 66.3
Al203 18.4 18.6 18.6 18.5 18.5 18.3 18.4 18.4 18.3 18.3 18.4 18.2 18.3 18.3 18.2 18.3 18.3 18.3 18.3 18.4
Na0 0.19 0.23 0.20 0.21 0.21 0.21 0.23 0.24 0.27 0.27 0.24 0.25 0.24 0.27 0.24 0.25 0.25 0.25 0.29 0.26
MgO 0.00 0.00 0.01 d.l d.l d.l d.l. 0.01 0.00 0.01 0.01 d.L 0.01 d.L 0.01 0.01 0.01 d.L 0.01 0.01
Rb0 d.l d.l. d.l. d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l d.l d.l 0.01 d.L 0.01
K20 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.01
C=0 0.05 0.05 0.06 0.04 0.06 0.06 0.07 0.05 0.08 0.07 0.07 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.17 0.15
CaO d.l. d.l. d.l. d.l. d.l. d.l. 0.01 d.L d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
TiO2 d.l d.l. d.l. d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l d.l d.l d.l d.l d.l d.l
Se0s 0.03 0.03 0.03 0.03 0.03 0.06 0.06 0.06 0.08 0.08 0.09 0.08 0.09 0.09 0.09 0.08 0.09 0.09 0.08 0.08
FeQut 0.54 0.61 0.56 0.57 0.57 0.68 0.64 0.66 0.78 0.77 0.79 0.76 0.80 0.80 0.80 0.78 0.74 0.76 0.80 0.77
MnO d.l. 0.01 0.01 0.03 0.01 0.02 d.l 0.01 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.03
*BeOcalc 13.8 13.7 13.8 13.7 13.7 13.8 13.7 13.7 13.7 13.7 13.7 13.7 13.7 13.7 13.8 13.8 13.8 13.7 13.7 13.7
*H20caic 0.45 0.40 0.15 0.55 0.60 0.45 0.60 0.40 0.60 0.45 0.40 0.75 0.60 0.35 0.30 0.25 0.40 0.70 0.50 0.30
Sum 85.7 85.9 86.1 85.8 85.7 85.7 85.7 85.9 85.7 85.9 85.9 85.5 85.7 85.9 85.9 86.0 85.8 85.6 85.8 86.0
T1 Site

Si apfu 5998 5990 5993 5992 5991 5994 5.994 5.991 5992 5991 5989 5992 5990 5991 5996 5992 5993 5990 5992 5990
Al 0.002 0.025 0.015 0.019 0.022 0.010 0.013 0.019 0.017 0.022 0.026 0.014 0.022 0.020 0.005 0.014 0.011 0.019 0.019 0.022
Sum 6.000 6.016 6.008 6.012 6.013 6.004 6.007 6.010 6.009 6.013 6.015 6.006 6.012 6.010 6.001 6.006 6.004 6.010 6.010 6.012
T2 Site

Beécalc 3.000 2963 2982 2973 2971 299 2.984 2.978 2979 2971 2967 2990 2975 2979 3.000 2989 299 2980 2977 2974
Licalc 0.000 0.037 0.018 0.027 0.029 0.006 0.016 0.022 0.021 0.029 0.033 0.010 0.025 0.021 0.000 0.011 0.004 0.020 0.023 0.026
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site

Al 1956 1.950 1953 1.953 1.953 1.943 1.946 1.943 1932 1933 1931 1934 1930 1930 1.930 1932 1.933 1934 1930 1.933
Mg 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.003 0.002 0.002 0.002 0.003 0.005 0.005 0.005 0.006 0.006 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.006
Fe?* 0.036 0.004 0.019 0.011 0.010 0.034 0.027 0.021 0.030 0.021 0.012 0.038 0.019 0.029 0.044 0.034 0.040 0.028 0.032 0.023
Fe* 0.005 0.042 0.023 0.032 0.033 0.017 0.021 0.029 0.029 0.038 0.048 0.020 0.041 0.032 0.016 0.025 0.016 0.030 0.028 0.035
Mn 0.000 0.001 0.001 0.002 0.001 0.001 0.000 0.001 0.002 0.002 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.002 0.002
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel

Site

Na 0.033 0.040 0.035 0.037 0.037 0.037 0.040 0.041 0.047 0.047 0.042 0.044 0.042 0.047 0.043 0.043 0.043 0.044 0.050 0.045
Rb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001
K 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.002 0.003 0.002 0.003 0.002 0.002 0.002 0.001 0.001 0.001 0.002 0.001 0.001
Cs 0.002 0.002 0.002 0.001 0.002 0.002 0.003 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.006 0.006
Sum 0.036 0.043 0.040 0.040 0.041 0.041 0.044 0.046 0.053 0.052 0.048 0.049 0.047 0.052 0.047 0.047 0.047 0.049 0.058 0.052
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Table B.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl #7  Beryl#7  Beryl#7  Beryl#7  Beryl #7
#7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 CBM- CBM- CBM- CBM- CBM-
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- GD2 GD2 GD2 GD2 GD2
GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2
Analysis 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260
Point:
Crystal Outer Outer Outer Outer Core Core Core Core Core Outer Outer Outer Outer Outer Outer Rim Rim Rim Rim Rim
Zone: Core Core Core Core Core Core Core Core Core Core (Altered)  (Altered)  (Altered) (Altered) (Altered)
Si0o.
wt% 66.2 66.0 66.3 66.5 66.0 66.2 66.2 66.1 65.9 66.2 66.2 66.2 66.1 66.1 66.2 66.1 66.1 66.1 66.1 66.3
Al203 18.3 18.3 18.3 18.3 18.3 18.3 18.2 18.3 18.0 17.9 18.1 17.9 18.0 18.0 18.1 18.3 18.1 18.5 17.8 18.6
NaO 0.29 0.31 0.31 0.31 0.31 0.34 0.30 0.30 0.36 0.34 0.36 0.38 0.37 0.37 0.36 0.41 0.34 0.45 0.43 0.40
MgO 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01
RO d.l. d.l d.l. d.l d.l d.l. d.l. d.l. d.l. 0.01 d.L d.l. d.l d.l 0.01 d.L d.l. d.l. 0.01 d.L
K20 0.01 0.01 0.02 0.02 0.02 d.. 0.03 0.01 0.02 0.02 0.02 0.03 0.03 0.01 0.02 d.l 0.01 d. 0.04 0.01
Cg0 0.03 0.04 0.05 0.04 0.06 0.05 0.03 0.04 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.21 0.13 0.19 0.13 0.23
CaO 0.01 d.L 0.02 d.L d.l. 0.02 d.l d.l. d.l. d.l. 0.02 d.l d.l. d.l. d.l. d.l. d.l d.l d.l d.l
TiO2 d.l. d.l d.l. d.l d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l d.l d.l d.l. d.l. d.l. d.l.
Se0s 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.09 0.09 0.10 0.10 0.10 0.09 0.10 d.l 0.04 0.01 0.11 0.01
FeQot 0.84 0.84 0.86 0.79 0.84 0.93 0.85 0.86 1.03 1.05 1.09 1.06 0.97 1.00 1.01 0.61 0.82 0.62 1.21 0.42
MnO 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.03 0.02 0.03 0.03 0.04 0.03 0.03 d.l 0.02 0.02 0.04 0.02
*BeOcalc 13.7 13.6 13.7 13.8 13.6 13.6 13.7 13.7 13.6 13.8 13.7 13.7 13.8 13.8 13.7 13.6 13.7 13.6 13.7 13.6
*H20calc 0.55 0.85 0.40 0.20 0.80 0.45 0.50 0.65 0.85 0.50 0.35 0.55 0.55 0.55 0.35 0.75 0.70 0.60 0.45 0.35
Sum 85.7 85.6 85.9 86.0 85.6 85.9 85.8 85.7 85.5 85.7 86.0 85.7 85.7 85.7 86.0 85.6 85.6 85.8 85.8 86.0
T1 Site
Si apfu 5992 5990 5990 5994 5988 5986 5992 5992 5990 5995 5989 5999 5994 5994 5.992 5.998 5.997 5.995 5.997 5.998
Al 0.018 0.027 0.023 0.012 0.031 0.034 0.017 0.020 0.020 0.006 0.023 0.003 0.009 0.009 0.020 0.009 0.007 0.023 0.006 0.015
Sum 6.010 6.017 6.013 6.006 6.019 6.019 6.009 6.011 6.011 6.001 6.012 6.002 6.003 6.003 6.011 6.008 6.004 6.018 6.002 6.014
T2 Site
Beécaic 2979 2961 2972 2986 2954 2957 2983 2974 2977 3.002 2974 2995 2996 2996 2.974 2.973 2.991 2.953 2.996 2.957
Licaic 0.021 0.039 0.028 0.014 0.046 0.043 0.017 0.026 0.023 0.002 0.026 0.005 0.004 0.004 0.026 0.027 0.009 0.047 0.004 0.043
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1929 1930 1.927 1.933 1.930 1922 1929 1929 1.910 1909 1904 1908 1913 1914 1911 1.952 1.931 1.950 1.894 1.965
Mg 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002 0.002 0.003 0.001 0.003 0.001 0.002 0.001 0.003 0.001
Ca 0.001 0.000 0.002 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.007 0.007 0.008 0.008 0.008 0.007 0.008 0.000 0.003 0.001 0.009 0.001
Fe* 0.028 0.016 0.026 0.041 0.011 0.015 0.036 0.027 0.041 0.062 0.035 0.062 0.062 0.062 0.037 0.046 0.053 0.037 0.076 0.032
Fe** 0.035 0.048 0.040 0.019 0.053 0.056 0.028 0.038 0.037 0.017 0.047 0.018 0.012 0.014 0.039 0.000 0.009 0.010 0.015 0.000
Mn 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.000 0.002 0.002 0.003 0.001
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel
Site
Na 0.051 0.055 0.054 0.054 0.055 0.060 0.053 0.052 0.063 0.059 0.064 0.066 0.066 0.065 0.063 0.073 0.059 0.080 0.076 0.071
Rb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
K 0.001 0.002 0.003 0.002 0.003 0.000 0.003 0.002 0.003 0.002 0.002 0.003 0.003 0.002 0.002 0.000 0.001 0.000 0.004 0.001
Cs 0.001 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.008 0.005 0.007 0.005 0.009
Sum 0.053 0.058 0.059 0.058 0.060 0.062 0.057 0.056 0.068 0.064 0.068 0.072 0.072 0.069 0.067 0.081 0.065 0.087 0.086 0.081

88



Table B.1 Continued.

Sample: Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8 #8
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
Analysis 261 262 263 264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 280
Point:
Crystal Core Core Core Core Core Core Core Core Core Core Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim
Zone:
SiOz wt% 65.4 65.3 65.6 65.4 65.3 65.6 65.4 65.6 65.6 65.7 65.5 65.9 65.8 65.8 65.7 65.8 66.0 65.7 65.9 65.9
Al203 17.4 17.3 17.4 17.2 17.2 17.3 17.4 17.3 17.3 17.5 17.5 17.6 17.8 17.8 17.7 17.8 17.8 17.8 17.8 18.0
Na:0 0.58 0.59 0.56 0.62 0.62 0.57 0.58 0.55 0.56 0.55 0.56 0.53 0.53 0.50 0.53 0.45 0.47 0.47 0.45 0.40
MgO 0.04 0.03 0.03 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.01 0.01
Rb0 d.l 0.02 0.01 0.02 0.03 0.01 0.01 0.02 0.01 d.L d.l. 0.02 0.01 0.01 d.L d.l 0.01 d.l d.l. d.l
K20 0.02 0.02 0.03 0.01 0.02 0.03 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02
C=0 0.17 0.18 0.17 0.17 0.17 0.17 0.16 0.17 0.16 0.16 0.15 0.13 0.13 0.13 0.12 0.11 0.14 0.14 0.15 0.17
CaO d.l. d.l d.l. d.l. d.l d.l d.l d.l. d.l. d.l. d.l d.l d.l 0.01 d.L d.l d.l. d.l. d.l. d.l
TiO2 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l d.l d.l.
Se0s 0.20 0.21 0.20 0.20 0.20 0.20 0.19 0.18 0.17 0.16 0.14 0.13 0.14 0.13 0.13 0.12 0.12 0.12 0.12 0.13
FeQut 1.77 1.83 1.85 1.78 1.79 1.80 1.72 1.62 1.60 1.67 1.44 1.43 1.50 1.38 141 131 1.36 1.30 1.30 1.22
MnO 0.05 0.06 0.07 0.05 0.06 0.05 0.06 0.05 0.04 0.03 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.03 0.04
*BeOcalc 135 135 135 13.6 135 13.6 135 13.6 13.7 13.6 13.5 13.7 13.5 135 13.5 13.6 13.6 13.6 13.6 135
*H20calc 0.90 1.00 0.60 0.95 1.10 0.70 0.95 0.85 0.85 0.65 1.05 0.50 0.55 0.65 0.75 0.75 0.35 0.75 0.60 0.60
Sum 85.6 85.5 85.9 85.5 85.4 85.7 85.6 85.5 85.5 85.7 85.4 85.8 86.0 85.8 85.7 85.6 86.0 85.7 85.8 85.9
T1 Site
Si apfu 5986 5986 5985 5990 5988 5987 5986 5992 5992 5987 5990 5991 5.986 5985 5987 5.989 5989 5987 5988 5.987
Al 0.032  0.032 0.033 0.017 0.027 0.022 0.033 0.013 0.010 0.024 0.021 0.016 0.037 0.036 0.030 0.021 0.025 0.027 0.025 0.032
Sum 6.018 6.017 6.018  6.006 6.015  6.009 6.019 6.005 6.002 6.011 6.011 6.007  6.023 6.021 6.016 6.010 6.014 6.015 6.013 6.019
T2 Site
Becaic 2961  2.962 2962 2991 2966  2.985 2956 2993 3.002 2980 2.977 2,988 2945 2952 2964 2981 2969 2968 2971 2.956
Licalc 0.039 0.038 0.038 0.009 0.034 0.015 0.044 0.007 -0.002 0.020 0.023 0.012 0.055 0.048 0.036 0.019 0.031 0.032 0.029 0.044
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1.841 1.835 1.834  1.840 1.836  1.839 1.845  1.855 1.857 1.852 1.871 1.874 1.868 1.877 1.875 1.884 1.881 1.886 1.887 1.892
Mg 0.005 0.004 0.004 0.004 0.005 0.004 0.004 0.003 0.004 0.004 0.004 0.004 0.004 0.003 0.003 0.003 0.002 0.003 0.002 0.002
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.016  0.017 0.016 0.016 0.016 0.016 0.015 0.014 0.014 0.013 0.011 0.011 0.011 0.010 0.010 0.010 0.009 0.009 0.010 0.010
Fe?* 0.064 0.070 0.063 0.102 0.077 0.088 0.060 0.092 0.103 0.078 0.075 0.081 0.038 0.041 0.057 0.060 0.054 0.053 0.054 0.030
Fet 0.071 0.071 0.078 0.035 0.060 0.049 0.071 0.032 0.019 0.050 0.036 0.027 0.075 0.064 0.050 0.040 0.049 0.046 0.045 0.063
Mn 0.004 0.005 0.005 0.004 0.005 0.004 0.004 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0.004 0.004 0.003 0.003
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel
Site
Na 0.102 0.105 0.100 0.110 0.110 0.101 0.103 0.097 0.099 0.098 0.098 0.093 0.093 0.089 0.094 0.079 0.083 0.083 0.079 0.070
Rb 0.000 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000
K 0.003  0.003 0.003 0.001 0.003 0.003 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.002 0.003 0.003 0.002
Cs 0.007  0.007 0.006  0.007 0.007 0.007 0.006 0.007 0.006 0.006 0.006 0.005 0.005 0.005 0.005 0.004 0.005 0.005 0.006 0.006
Sum 0.112 0.116 0.110 0.119 0.121 0.111 0.112 0.106 0.108 0.105 0.105 0.100 0.100 0.096 0.100 0.085 0.091 0.091 0.087 0.079
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Table B.1 Continued.

Sample: Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9 #9
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
Analysis 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299 300
Point:
Crystal Core Core Core Core Core Core Core Core Core Core Core Core Core Rim Rim Rim Rim Rim Rim Rim
Zone:
SiOz wt% 65.7 65.7 65.8 65.8 65.8 65.7 65.7 65.9 65.9 65.8 66.0 65.6 65.9 65.9 65.8 65.8 66.1 66.0 65.8 65.7
Al203 17.4 17.3 17.2 17.2 17.3 175 17.5 17.6 17.6 175 17.6 17.6 17.6 17.7 17.7 17.7 17.8 17.7 17.7 17.9
Na.O 0.51 0.57 0.51 0.47 0.49 0.46 0.48 0.46 0.46 0.45 0.45 0.45 0.45 0.43 0.43 0.40 0.42 0.43 0.42 0.39
MgO 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.01 0.02
RO 0.01 0.02 0.02 d.l 0.01 0.03 0.01 0.01 d.L d.l. d.l. d.l. 0.01 0.01 d.L 0.01 d.L d.l d.l. d.l.
K20 0.04 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.02 0.03 0.04 0.02 0.03 0.04 0.04 0.02
Cg0 0.17 0.17 0.16 0.17 0.15 0.17 0.16 0.15 0.14 0.16 0.13 0.11 0.14 0.14 0.14 0.15 0.13 0.10 0.10 0.11
CaO d.l. d.l. d.l. d.l. 0.01 d. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l. d.l d.l
TiO2 d.l d.l d.l. d.l. d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l d.l d.l d.l d.l. d.l d.l. d.l.
Se0s 0.19 0.19 0.19 0.18 0.17 0.16 0.16 0.16 0.15 0.15 0.13 0.13 0.13 0.13 0.13 0.13 0.12 0.11 0.10 0.10
FeQot 1.70 1.76 1.60 1.67 1.63 1.58 1.63 1.61 1.58 1.52 1.53 1.55 1.53 1.31 1.33 1.26 1.33 1.29 1.24 1.16
MnO 0.06 0.05 0.05 0.07 0.06 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04 0.04 0.05 0.04 0.04 0.05 0.03
*BeOcalc 13.6 13.7 13.7 13.8 13.7 13.6 13.6 13.6 13.7 13.7 13.7 13.5 13.7 13.7 13.7 13.7 13.7 13.7 13.7 13.6
*H20calc 0.65 0.50 0.65 0.55 0.65 0.70 0.65 0.40 0.35 0.65 0.40 0.90 0.50 0.55 0.75 0.70 0.30 0.60 0.90 1.00
Sum 85.7 85.8 85.6 85.7 85.7 85.7 85.8 86.0 86.0 85.7 85.9 85.6 85.8 85.7 85.6 85.6 86.0 85.7 85.4 85.4
T1 Site
Si apfu 5989 5990 6.001 5997 5996 5990 5986 5985 5987 5990 5990 5986 5988 5992 5991 5991 5991 5996 5.995 5.990
Al 0.021 0.017 0.000 0.000 0.008 0.017 0.028 0.030 0.024 0.014 0.017 0.031 0.022 0.012 0.014 0.015 0.014 0.006 0.008 0.023
Sum 6.010 6.007 6.001 5997 6.003 6.007 6.014 6.015 6.011 6.004 6.008 6.017 6.010 6.004 6.005 6.006 6.005 6.002 6.003 6.013
T2 Site
Beécaic 2982 2991 3.006 3.013 2994 2983 2974 2971 2980 2998 2987 2962 2983 2995 2993 2990 2994 2998 2997 2.970
Licaic 0.018 0.009 -0.006 -0.013 0.006 0.012 0.026 0.029 0.020 0.002 0.013 0.038 0.017 0.005 0.007 0.010 0.006 0.002 0.003 0.030
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
O Site
Al 1.847 1844 1853 1.849 1853 1859 1.855 1.858 1.860 1.865 1.865 1.864 1.866 1.884 1.881 1.887 1.884  1.887 1.892 1.898
Mg 0.004 0.003 0.003 0.004 0.004 0.004 0.005 0.004 0.005 0.004 0.004 0.003 0.004 0.003 0.004 0.003 0.003 0.003 0.002 0.003
Ca 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.015 0.015 0.015 0.014 0.014 0.013 0.012 0.012 0.012 0.012 0.010 0.011 0.010 0.010 0.011 0.011 0.010 0.009 0.008 0.008
Fe* 0.075 0.094 0.100 0.099 0.083 0.075 0.062 0.055 0.062 0.080 0.068 0.045 0.062 0.075 0.071 0.063 0.071 0.076 0.073 0.041
Fe* 0.055 0.040 0.022 0.029 0.041 0.045 0.063 0.067 0.058 0.036 0.048 0.074 0.054 0.025 0.030 0.033 0.029 0.023 0.021 0.048
Mn 0.004 0.004 0.004 0.005 0.004 0.004 0.004 0.004 0.004 0.003 0.004 0.004 0.004 0.003 0.003 0.004 0.003 0.003 0.004 0.002
Sum 2.000 2.000 1.997 2,000 2.000 2000 2.000 2.000 2000 2.000 2.000 2.000 2000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Channel
Site
Na 0.089 0.100 0.090 0.083 0.087 0.082 0.084 0.081 0081 0.079 0.080 0.080 0.079 0.076 0.075 0.071 0.074 0.076 0.074 0.070
Rb 0.001 0.001 0.001 0.000 0.001 0.002 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000
K 0.005 0.003 0.004 0.004 0.005 0.005 0.005 0.005 0.005 0.005 0.004 0.005 0.002 0.004 0.004 0.002 0.004 0.004 0.004 0.003
Cs 0.007 0.007 0.006 0.007 0.006 0.006 0.006 0.006 0.005 0.006 0.005 0.004 0.005 0.005 0.006 0.006 0.005 0.004 0.004 0.004
Sum 0.102 0.111 0.102 0.095 0.099 0.094 0.096 0.092 0.090 0.090 0.089 0.090 0.087 0.086 0.085 0.080 0.083 0.084 0.082 0.076

90



APPENDIX C

FULL LA-ICP-MS DATA OF BERYL

Table C.1: Full beryl trace element concentration data (ppm) measured by LA-ICP-MS.

Sample: Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-3 CBM- CBM-
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
Analysis 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161
Point:
Crystal Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core
Zone:
Li 121.7 128.2 137.2 142.4 128.3 132.2 131.2 134.1 142.0 145.5 136.4 129.1 165.4 165.7 131.4 135.4 143.4 145.6 154.0 161.2 185.1 170.3
B 1.690 0.573 0.862 1.286 0.288 0.454 0.936 0.315 0.443 1.052 0.577 0.257 2.012 0.956 1.227 0.283 0.749 2.150 3.574 3.606 10.30 1.859
Na 3491 3637 3666 3704 3571 3550 3417 3415 3452 3507 3481 3444 3650 3475 3391 3366 3445 3499 3516 3537 3646 3375
Mg 215.2 212.1 218.1 212.0 205.0 205.1 196.6 195.6 189.6 192.4 195.6 189.2 191.0 186.4 185.7 180.7 184.1 189.8 184.9 180.0 185.9 183.4
P 17.48 14.25 18.52 15.95 14.20 14.71 15.44 13.14 11.67 16.69 14.13 12.41 14.96 11.41 16.89 11.28 16.73 13.22 14.48 15.27 17.25 18.85
S 81.26 90.89 84.04 87.53 88.87 89.29 83.17 82.34 80.57 85.04 85.23 85.00 83.99 80.17 80.42 78.28 86.53 81.08 82.48 80.22 77.07 79.51
K 273.0 283.6 2425 240.1 261.9 276.2 2775 267.3 257.9 254.7 247.6 223.2 156.8 161.0 207.1 209.6 205.9 204.2 185.2 157.6 203.6 211.9
Ca 19.56 13.00 16.87  d.l 21.02 15.50 17.24 29.06 d.l d.l 13.50 20.33 d.l 17.18 12.89 27.24 16.42 20.98 d.l d.l 37.03 25.95
Sc 839.1 833.7 835.8 828.4 834.5 816.4 804.5 780.0 745.0 730.8 720.5 722.7 727.6 665.0 746.4 704.2 696.6 684.7 705.5 700.2 708.1 650.5
Ti 3.153 2.874 3.133 3.228 2.869 4.937 3.566 2.488 2.152 3.051 3.015 2.708 2.778 1.795 3.330 2.924 3.230 3.295 3.434 3.007 2.931 3.834
\ 0.389 0.403 0.516 0.458 0.347 0.373 0.318 0.335 0.325 0.409 0.314 0.358 0.308 0.308 0.367 0.227 0.301 0.261 0.270 0.278 0.170 0.418
Cr 4.022 3.800 2.737 2.889 4.116 3.239 3.498 3.474 3.560 3.318 3.749 3.749 3.291 3.591 3.652 4.003 3.437 3.823 4.060 4.291 4.026 4.699
Mn 337.8 335.6 329.8 323.1 329.1 323.3 320.5 315.0 309.2 315.0 313.6 304.8 297.3 284.7 296.0 288.6 288.1 296.4 298.7 2914 257.2 289.8
Fe 10918 11063 10978 11075 10899 10769 10704 10631 10398 10485 10451 10220 10282 9913 10178 10093 10018 10133 9999 10100 9488 10018
Co 0.209 0.135 0.229 0.154 0.148 0.183 0.187 0.192 0.197 0.108 0.097 0.239 0.138 0.239 0.202 0.145 0.191 0.198 0.187 0.300 0.199 0.218
Ni 0.175 0.317 0.115 d.l 0.232 0.448 d.l 0.221  d.l 0.346 0.238 d.l 0.120 0.095 0.336 0.228 0.277 0.401 0.071 0.154 d.l 0.300
Cu 0.879 0.302 0.136 0.044 0.041 0.082 d.l 0.115 0.092 0.031 0.037 0.079 0.113 0.093 0.045 0.122 0.050 0.569 0.392 d.l 0.488 0.232
Zn 40.18 38.76 40.81 39.39 39.94 39.75 40.87 40.52 39.16 39.93 41.79 38.56 40.83 41.92 37.51 37.64 40.53 41.00 41.29 39.62 38.09 42.25
Ga 76.30 74.21 74.19 75.72 75.02 74.45 75.69 74.94 74.84 75.16 74.70 76.23 74.29 73.77 76.72 74.24 75.27 73.22 73.66 76.12 78.85 71.49
Ge 0.504 0.721 0.844 0.642 0.739 0.579 0.746 0.735 0.815 0.693 0.860 0.733 0.800 0.624 0.843 0.715 0.684 0.766 0.721 0.585 0.780 0.552
As 0.462 0.434 0.432 0.202 0.431 0.205 0.397 0.411 0.441 0.345 0.424 0.338 0.828 0.677 0.531 0.532 0.425 0.999 1.213 0.823 1.353 0.786
Rb 175.5 182.9 180.3 178.7 184.0 180.8 177.9 177.4 170.9 171.0 175.4 170.4 167.2 170.8 161.6 160.2 165.1 160.7 158.2 164.8 173.1 180.9
Sr 0.113 0.026 d.l 0.012 0.016 d.l d.l 0.020 0.015 d.l d.l d.l 0.039 0.078 d.l d.l d.l 0.145 0.120 0.024 0.036 0.050
Y 0.450 0.026 0.008 0.006 0.008 0.011 0.014 d.L 0.061 0.024 d.. 0.015 0.198 0.427 d.l 0.009 0.020 0.627 0.688 0.021 0.127 0.055
Zr 1.958 0.150 d.L 0.084 0.018 d.L d.l. d.l. 0.235 0.014 0.024 0.013 0.849 1.811 0.038 0.050 0.057 2.437 2.657 0.102 0.599 0.478
Nb 0.826 0.136 0.011 0.103 0.016 0.031 d.l d.l 0.078 0.013 d.l 0.026 0.442 0.914 0.024 0.058 0.026 1.010 1.224 0.151 0.391 0.428
Mo d.l. d.l. d.l d.l 0.035 0.053 d.l 0.035 d.l d.l. 0.070 d.L d.l d.l. d.l. 0.151  d.L 0.048 d.l d.l. d.l. d.l.
Sn 0.921 0.797 0.762 0.876 0.838 0.866 0.775 0.857 0.838 0.810 0.726 0.759 0.893 0.901 0.894 0.658 0.730 0.805 0.861 0.859 0.984 0.740
Sb 0.502 0.678 0.212 0.609 0.835 0.588 d.l 0.078 0.213 0.829 0.415 0.211 1.461 1.049 1.074 0.489 0.313 4.245 5.897 3.250 3.341 1.625
Cs 1326 1382 1364 1328 1373 1426 1380 1395 1396 1393 1368 1331 1361 1353 1345 1366 1314 1260 1360 1356 1319 1381
Ba 0.052 d.l d.l 0.040 d.l d.l d.l d.l 0.052 0.042 0.054 d.l 0.051 0.205 d.l 0.127 0.083 0.081 0.106  d.l d.l. d.l.
La d.l. d.l. 0.068  d.l. d.l d.l d.l d.l d.l. d.l. d.l d.l d.l 0.089 d.l d.l d.l 0.269 0.142  d.l d.l. d.l.
Ce 0.024 0.014 0.022 d.l 0.005 0.009 0.005 0.004 0.006 d.l 0.007 d.L 0.006 0.034 0.006 0.017 0.121 0.032 0.028 0.009 0.006  d.l
Nd d.l. d.l. d.l 0.014 d.l d.l d.l 0.016 d.l d.l. d.l d.l 0.031 0.056 0.015 d.l 0.013 0.193 0.074 d.l 0.037 d.l
Gd d.l. 0.101 0.093 d.l d.l d.l 0.069 d.l d.l. 0.057 0.044 0.076 0.076 d.l d.l. d.l d.l 0.097 0.104 0.077 0.080 d.lL
Yb d.l. 0.065 0.022 d.l 0.058 0.025 0.026 d.l 0.071 0.064 d.l. 0.022 0.083 0.050 0.036 0.057 0.038 0.093 0.250 0.048 0.063 d.l
Hf 1.062 0.153 0.019 0.035 0.014 0.051 0.042 d.l 0.119 0.042 d.l. d.l. 0.459 0.806 0.023 0.042 d.l 1.302 1.396 0.089 0.300 0.379
Ta 0.399 0.093 0.008 0.113 0.035 0.009 0.014 0.014 0.056 0.027 d.l d.l 0.153 0.273 0.011 0.044 0.066 0.367 0.386 0.038 0.101 0.155
w d.l. d.l. 0.077 0.053 0.053 d.l d.l d.l d.l. 0.038 d.l d.l 0.296 0.091 d.l 0.022 0.113 0.026  d.l d.l. 0.051 d.L
Pb 0.297 0.031 7.726 0.035 0.011 0.059 d.l 0.017 0.012 0.013 0.035 0.030 0.084 0.116 0.022 d.l. 0.298 0.257 0.306 0.055 0.163 0.147
Bi 0.345 0.043 0.009 d.l 0.010 0.008 0.016 d.l 0.012 0.006 0.006 d.l 0.086 0.081 0.026 d.. 0.016 0.223 0.151 0.028 0.136 0.085
Th 0.125 0.015 0.013 d.l 0.011 d.lL d.l d.l 0.028 0.009 0.020 d.l 0.074 0.215 d.l 0.007 0.026 0.304 0.206 0.024 0.031 0.035
8] 0.040 0.011  d.L 0.015 0.008 0.005 0.308  d.l d.l. 0.006 0.009 0.004 0.016 0.023 _ d.l 0.017 0.017 0.050 0.053 0.006 0.018 0.017




Table C.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
3 3 3 3 3 3 3 3 3 3 3 3 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1
Analysis 162 163 164 165 166 167 168 169 170 171 172 173 101 102 103 104 105 106 107 108 109 110
Point:
Crystal Core Core Core Core Core Core Core Rim Rim Rim Rim Rim Outer Outer Outer Outer Core Core Core Core Core Core
Zone: Core Core Core Core
Li 1449 1451 148.8 1550 2120 162.0 1935 204.0 2051 2053 148.9 165.1 1256 1350 1427 137.3 1468 1443 1553 1458 1498 1505
B 0.966 2.417 2500 1.769 3.795 2709 4.866 1.445 2221 3535 1.134 0.494 0.246 0713 0330 1452 0.343 d.. d.l d.l. d.l d.l
Na 3504 3611 3554 3609 3687 3579 3555 2805 2188 2364 1884 2209 2449 2480 2546 2357 2150 2121 2190 2136 2184 2240
Mg 1855 1825 1805 177.2 1815 1769 1743 119.7 66.2 71.3 62.7 127.2  109.2 106.7 1049 101.2 99.4 101.3 1009 100.3 1025 1035
P 13.21 1348 13.77 1123 1505 16.27 14.00 1501 1432 1435 1211 3219 1285 13.73 1728 1691 1593 17.31 9.01 15.03 20.99 14.26
S 7731 8331 78.08 8256 86.76 78.10 67.88 7472 76.62 77.20 78.07 71.81 76.77 68.67 67.35 69.88 69.70 66.40 6532 72.80 69.54 68.41
K 212.9 196.9 206.3 186.9 141.8 195.8 296.6 163.1 137.7 248.7 141.3 260.8 176.1 173.8 144.5 171.0 155.0 146.7 157.8 150.6 152.2 154.2
Ca 1572 12.08 20.59 d.. 1450 1361 1495 27.89 d.. 56.38 9.31 29.36 d.l. d.l d.l d.l 11.89 2499 d.l 30.59 19.68  20.27
Sc 667.7 6768 6651 650.1 686.0 7040 6064 567.6 3352 332.2 354.6 503.4 479.2 4623 459.8 3757 2150 2183 217.7 2288 2253 234.6
Ti 2740 1656 3.078 2337 1520 2.386 2144 3.229 1.197 1278 1.554 3.808 3.656 2.635 2561 2586 2.494 2696 2924 2753 3.146 3.092
\% 0.252 0.204 0.244 0.203 0.247 0.157 0.251 0.223 0.200 0.141 0.161 0.120 0.079 0.150 0.251 0.114 0.067 0.111 0.112 0.074 0.112 0.104
Cr 4.404 2930 3491 3413 3919 4430 5200 3.317 3.993 3.344 3900 35996 3.127 3.847 3.642 3471 3.801 3953 3.424 3.472 3482 4125
Mn 303.2 3006 2974 297.0 279.1 2942 3024 196.6 1211 139.7 111.3 167.7 1754 1714 167.2 1529 1283 1242 1277 1282 1295 131.0
Fe 10194 10308 10062 10124 9686 10155 10019 7352 5213 5688 4959 5986 7073 7008 6926 6447 5711 5617 5681 5755 5797 5879
Co 0.157 0.190 0.191 0.204 0.207 0.157 0.242 0.171 0.155 0.116 0.200 0.153  0.107 0.135 0.123 0.157 0.091 0.123 0.196 0.127 0.130 0.123
Ni 0.233 0.226 0.172 0.088 d.l. 0.265 0.625 d.l. 0.298 d.l. 0.358 0.319 0443 0229 d.. d.l d.l 0.131 0.265 0.257 0.337 d..
Cu 0.379 0.048 0.041 0.120 0.279 0.076 0.607 0.111 0.179 0.139 0.127 2771 0275 0.072 0.030 0.254 d.. 0.096 0.088 0.144 0.065 0.194
Zn 42.62 38.68 3855 40.28 37.88 38.95 4487 4149 4573 4659 4381 4361 36.95 37.64 37.37 38.89 41.20 43.33 4326 4273 43.34 4343
Ga 7520 7382 7526 7520 7561 7840 7423 83.64 8494 8544 84.33 96.20 7185 7190 6850 66.60 54.07 5277 5229 5271 53.30 52.98
Ge 0.797 0.634 0.689 0.667 0.755 0.707 0.821 0.770 0.736 0.591 0.856 0.810 0.959 0.741 0.601 0.814 049 0801 0.799 0.704 0.788 0.748
As 0.688 0.491 0535 0.338 1.084 0.769 0.796 0.416 0555 0.977 0.398 0.358 1.745 0510 0.488 0.291 0.360 0.378 0.425 0.390 0.367 0.423
Rb 176.3 169.8 1721 1739 1547 1643 1934 137.8 1008 1195 92.4 106.0 116.1 1152 1145 108.0 100.4 98.0 1025 98.7 1015 102.0
Sr 0.020 0.025 d.l 0.010 0.158 0.058 0.069 d. 0.044 0.059 0.023 0.296 d.l. d.l d.l 0.006 0.010 0.012 0.010 d.l d.l 0.018
Y d.l. 0.022 0.014 d.. 0.853 0.091 0.216 0.038 0.028 0.463 0.084 4310 d.. 0.013 d.l 0.007 d.l. 0.026  0.024 d.l 0.013  0.043
Zr 0.043 0.056 d.l d.l. 3.814 0546 1.063 0.233 0.168 0.972 0462 14.231 d.. 0.024 d.l d.l 0.018 0.025 0.037 0.032 0.039 0.357
Nb 0.159 0.107 0.380 0.022 1547 0.365 0.880 0.315 0.337 0.594 0.290 2.684 0.039 0.008 0.047 0.029 0.036 d.l 0.012 d.l 0.039  0.352
Mo d.l. d.l. d.l. 0.025 d.l. d.l. d.l. 0.246  0.044 d.l d.l. 0.092 0.081 d.l. d.l. d.l. d.l. d.l. d.l. 0.027  0.038 d.l
Sn 0.745 0799 0.717 0.701 0.805 0.908 0.897 0.835 0.727 0947 0.714 1.085 0943 0.798 0541 0.766 0.712 0.847 0.621 0.801 0.750 0.760
Sh 1636 0.655 1.029 0.826 5.287 2313 2367 1538 1.224 4124 0.742 0.694 d.l 0.045 0.019 0.033 d.L 0.069 d.l d.l. d.l. 0.164
Cs 1313 1259 1249 1258 1223 1191 1495 991 639 799 537 1014 590 583 550 504 451 433 456 437 446 449
Ba 0.127 0.035 d.l d.l. 0.093 d.l. 0.209 d.l. d.l. 0.146  0.091 0.499 0.061 d.l. 0.062 d.l. d.l d.l. 0.049 d.l 0.053 d.l
La d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 1.323 d.L d.l d.l d.l d.l d.l d.l. d.l d.l. d.l
Ce 0.004 d.L 0.011  0.006 d.l. 0.005 0.014 0.022 d.. 0.011  0.012 0.091 0.039 d.l 0.017 d.l d.l. 0.006 d.l d.l. d.l. 0.007
Nd d.l. d.l. d.l. d.l. 0.030 0.024 d.l 0.035 d.l 0.015 0.026 0.986 d.l d.l. d.l. 0.025 0.015 d.l d.l. d.l. 0.022 d..
Gd d.l. d.l. d.l. d.l. d.l. d.l. 0.166 d.l. d.l. d.l. 0.078 0.269 d.l 0.064 0.048 0.063 0.064 d.. d.l 0.053 d.l 0.055
Yb d.l. d.l. d.l. d.l. 0.065 0.039 0.104 d.L 0.075 0.039 0.113 0.700 0.040 0.054 0.080 0.035 d.l. d.l d.l. 0.044  0.052 d.l.
Hf 0.028 0.108 0.035 0.059 1599 0467 0.711 0.218 0.205 0.318 0.200 2.862 0.020 0.039 d.. 0.031 0.021 0.010 0.021 d.l. d.l. 0.227
Ta 0.025 0.057 0.048 0.020 0577 0.198 0.255 0.159 0.082 0.251 0.085 0.435 d.l. 0.008 0.014 0.016 d.. d.l d.l. d.l d.l. 0.015
w d.l. d.l. d.l. d.l. d.l. 0.041 0.031 0.035 0.041 0.025 d.l. 0.098 1.114 d.l. 0.038 d.l. d.l 0.079 d.l d.l 0.055 d.l.
Pb 0.061 0.042 0.032 0.075 0.253 0.108 0.054 0.119 0.045 0.085 0.039 1.747 d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.103
Bi 0.052 0.041 0.005 0.008 0.183 0.034 0.029 0.135 0.052 0.063 0.035 1.638 d.l 0.012  0.082 d.l d.l. 0.017  0.017 d.L 0.019  0.029
Th 0.014 d.l 0.012 d.l. 0.277 0.034 0.137 d.l 0.018 0.179 0.022 1.215 0.006 0.006 d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.012
U 0.007 0.004 0.014 0.007 0.070 0.016 0.046 0.049 0.013 0.028 0.005 0.223  0.005 d.l. d.l d.l 0.007 d.l d.l. 0.010 0.011 d.l
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Table C.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #3 #5 #5 #5
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1

Analysis 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 101 102 103

Point:

Crystal Core Outer Outer Outer Outer Outer Outer Outer Outer Outer Outer Outer Rim Rim Rim Rim Rim Rim Outer Outer Outer

Zone: Core Core Core Core Core Core Core Core Core Core Core Core Core Core

Li 155.0 149.3 138.9 137.8 141.3 130.7 1325 148.9 126.7 116.5 124.2 124.6 119.1 124.0 127.5 127.0 130.2 117.7 148.6 142.2 144.9

B 0.249 d.l 0.441 1.926 4.633 1.551 0.486 1.287 0.427 0.449 0.247 0.313 d.l. 0.559 0.632 0.608 1.533 0.917 0.248 0.349 0.630

Na 2288 2434 2525 2556 2675 2463 2541 2749 2774 2708 2783 2805 2926 3201 3189 2939 2793 2488 1921 1854 1884

Mg 104.9 106.2 107.2 108.9 116.9 104.1 106.8 106.8 124.4 125.7 121.9 125.5 141.8 162.8 163.8 139.3 126.2 115.6 39.9 39.3 39.8

P 13.87 15.89 13.93 15.63 14.32 20.15 15.95 19.18 19.07 17.72 13.26 17.18 18.20 11.76 15.05 15.41 19.56 18.84 18.67 13.49 17.58

S 68.27 71.53 68.86 66.95 69.01 67.28 66.45 70.28 64.81 63.01 65.05 65.62 66.67 66.22 67.35 65.03 67.68 71.09 46.31 46.43 45.29

K 159.6 167.2 178.8 178.3 197.9 172.9 175.4 1155 182.8 188.6 201.5 202.2 209.3 231.8 231.8 209.0 165.9 140.6 120.2 113.3 116.2

Ca d.l. 37.57 14.95 15.41 29.11 d.l. d.l. 10.52 18.48 16.36 20.33 d.l 10.03 32.11 17.29 11.35 24.15 13.60 15.18 1495 d.L

Sc 237.8 350.4 456.3 497.8 506.2 504.8 476.2 522.3 663.1 687.6 697.0 702.0 672.1 693.7 698.4 678.1 568.1 554.0 373.3 364.1 368.1

Ti 2.520 2.934 2.670 2.596 3.195 2.565 3.464 2.097 2.768 2.130 2.107 2.478 2.409 2.798 2.084 2.941 2.410 3.058 2.642 1.878 2.175

\% 0.131 0.148 0.208 0.246 0.203 0.127 0.232 0.191 0.164 0.146 0.152 0.175 0.158 0.184 0.177 0.144 0.118 0.059 0.067 0.153 0.067

Cr 4.274 4.052 3.909 4.284 4,914 4.304 4.072 3.797 4.291 4.206 3.171 3.784 3.609 3.527 3.484 3.608 4.042 3.897 4111 4.257 3.892

Mn 133.7 147.4 167.3 174.3 179.2 171.5 1745 174.6 195.3 199.3 204.4 208.1 236.5 272.6 280.0 251.7 202.5 184.4 126.2 124.5 124.5

Fe 5812 6423 6914 7156 7250 6989 7118 7192 7903 7921 8055 8052 8813 9553 9558 8843 7923 7469 5286 5185 5179

Co 0.125 0.128 0.132 0.153 0.168 0.117 0.196 0.223 0.145 0.062 0.146 0.148 0.089 0.155 0.217 0.119 0.113 0.060 0.131 0.156 0.138

Ni d.l. 0.139 d.l 0.462 0.318 0.098 d.l. 0.135 0.254 0.254 0.264 d.l 0.146 0.234 d.l d.l. d.l. 0.132 0.499 d.l d.l.

Cu 0.121 0.087 0.072 0.111 1.252 0.122 0.051 0.139 0.058 0.094 0.107 0.111 0.050 0.100 0.144 0.099 0.077 0.114 0.131 0.210 0.121

Zn 41.41 43.18 39.94 37.96 44.56 36.95 41.40 38.56 35.44 33.66 35.32 36.26 34.60 37.12 39.66 36.38 39.12 44,75 135.6 127.8 124.1

Ga 52.54 61.45 67.62 70.61 71.26 68.32 66.30 71.61 74.14 76.01 74.89 74.41 73.66 74.83 74.44 76.79 80.04 84.06 80.53 75.61 75.47

Ge 0.705 0.787 0.600 0.696 0.873 0.667 0.602 0.645 0.874 0.770 0.843 0.710 0.609 0.672 0.813 0.716 0.780 0.943 0.931 0.699 0.710

As 0.231 0.307 0.414 0.406 0.334 0.305 0.363 0.413 0.289 0.417 0.429 0.319 0.331 0.337 0.368 0.339 0.305 0.453 0.226 0.294 0.270

Rb 104.2 110.2 115.3 116.3 123.0 110.2 117.0 117.1 127.1 126.5 128.5 131.4 139.3 158.0 165.0 152.0 133.5 119.5 94.4 91.8 94.4

Sr d.l. d.l. 0.012 0.042 0.095 0.020 d.l. d.l. d.l. d.l. d.l. d.l. 0.007 0.006 0.030 d.l 0.071 0.065 0.065 0.005 d.l

Y 0.019 0.012 0.342 3.408 0.513 0.368 0.152 0.030 0.006 d.l. 0.005 d.l. 0.024 0.017 0.351 0.247 2.159 1.671 0.005 0.015 d..

Zr 0.139 d.l 1.676 11.613 1.552 1.503 0.354 d.l. 0.018 d.l. d.l. 0.029 0.075 0.033 1.332 0.859 7.223 4.948 d.l 0.018 d.l

Nb 0.215 0.011 0.627 2.523 1.308 0.899 0.435 0.061 0.033 0.017 0.020 0.052 0.204 0.006 0.837 0.302 1.845 1.684 0.014 d.l d.l.

Mo d.l. d.l. d.l. 0.037 0.056 0.034 d.l. d.l. 0.027 d.l. d.l. 0.044 0.059 d.l. d.l d.l. 0.045 d.l 0.141  d.l d.l

Sn 0.735 0.701 0.732 0.859 0.826 0.843 0.895 0.870 0.803 0.894 0.837 0.837 0.839 0.784 0.860 0.918 0.776 1.015 0.719 0.806 0.741

Sh 0.084 d.l 0.143 0.310 0.046 d.l. d.l. 0.078 0.014 0.017 0.025 0.012 d.l 0.474 0.589 0.261 0.359 0.120 0.088 0.025 d.l

Cs 477 512 584 599 613 569 568 597 600 582 627 650 968 1306 1345 1412 1247 1097 542 525 532

Ba 0.086 d.l. 0.046 0.203 0.039 d.l d.l. d.l. 0.090 d.l d.l. d.l. 0.046 d.l. 0.180 0.027 0.094 0.202 0.161 d.l. 0.037

La d.l. d.l. d.l. 0.141 0.151 0.385 0.340 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.273 0.556 d.l d.l. d.l.

Ce d.l. 0.005 0.018 0.065 0.145 0.108 0.065 0.014 0.006 d.l. d.l. d.l. d.l. 0.009 0.010 0.012 0.215 0.166 0.078 d.l. d.l.

Nd 0.014 0.020 d.l 0.151 0.132 0.333 0.303 d.l. 0.012 d.l. 0.031 d.l 0.026 d.l. 0.024 d.l. 0.268 0.437 d.L 0.015 d.l

Gd d.l. d.l. d.l. 0.250 0.061 0.341 0.047 d.l. 0.092 d.l. d.l. d.l. d.l. d.l 0.076 0.070 0.210 0.212 d.L 0.057 0.052

Yb d.l. d.l. 0.147 0.484 d.l. 0.042 0.050 d.l. d.l. 0.053 d.l d.l. 0.044 0.044 0.048 d.l. 0.333 0.236 d.l 0.036 d.l.

Hf 0.146 0.051 0.506 2.730 0.449 0.604 0.095 0.010 0.050 d.l. 0.019 0.012 0.127 0.019 0.492 0.200 1.695 1.226 0.036 0.047 0.019

Ta 0.022 0.010 0.121 0.369 0.142 0.110 0.045 0.034 d.l d.l. 0.005 d.l. 0.016 0.025 0.127 0.037 0.231 0.217 0.025 d.l 0.008

w 0.030 d.l d.l. 0.028 d.l. 0.032 d.l. 0.021 d.l. d.l. 0.031 0.021 d.l d.l. d.l. d.l. 0.042 d.l. 0.049 d.l 0.015

Pb d.l. d.l. 0.205 d.l 0.476 0.172 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.275 0.217 0.030 0.030 d.l.

Bi 0.014 0.018 0.185 0.631 0.111 0.170 0.041 0.022 0.015 d.l. d.l. 0.017 d.l d.l 0.048 0.080 0.310 0.328 0.431 0.011 0.008

Th 0.009 0.013 0.128 0.774 0.097 0.120 0.038 0.015 0.010 0.007 d.l. d.l. 0.026 d.l. 0.093 0.053 0.446 0.393 d.L 0.013 0.009

U 0.004 0.008 0.025 0.228 0.039 0.030 0.031 0.009 0.009 0.012 0.009 0.052 d.l. 0.008 0.025 0.012 0.088 0.080 d.l. d.l. 0.007
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Table C.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1
Analysis 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124
Point:
Crystal QOuter Core Core Core Core Core Core Core Core Core Core Outer Outer Outer Outer Outer Outer Inner Inner Inner Inner
Zone: Core Core Core Core Core Core Core Rim Rim Rim Rim
Li 152.6 159.7 158.8 163.3 160.7 164.0 163.7 163.4 158.1 164.7 172.2 149.9 151.4 149.0 149.5 149.9 149.1 144.6 144.1 142.6 144.3
B 0.557 d.l 0.341 0.319 d.l. 0.243 d.l. d.l. 0.457 d.l. 0.460 0.233 0.969 d.l d.l 0.348 0.258 0.666 d.l. 0.354 d.l
Na 1804 1724 1704 1706 1725 1746 1723 1737 1705 1751 1782 1950 1938 1885 1883 1919 1996 2024 2105 2082 2097
Mg 37.9 36.6 37.7 37.9 37.3 38.0 38.0 38.3 37.2 375 35.9 39.4 38.8 37.2 37.4 38.8 40.9 43.8 45.9 46.4 46.1
P 15.21 19.65 17.00 16.32 15.88 16.57 13.71 17.43 16.77 17.51 13.99 19.33 17.73 15.76 15.55 15.42 16.04 14.22 16.63 15.84 14.45
S 43.91 40.55 38.31 39.14 38.54 37.32 36.16 38.50 36.75 34.76 36.00 35.83 34.48 36.00 33.76 34.96 34.49 34.31 32.99 32.36 32.65
K 110.8 104.8 102.8 108.6 107.2 106.3 104.3 108.3 99.3 106.4 108.0 116.0 123.0 115.8 116.5 114.8 118.4 121.6 128.7 123.8 129.5
Ca 2291 d.l 17.44 14.78 11.60 12.90 15.50 14.08 d.L 10.75 d.l 18.30 14.64 25.95 d.l d.l. d.l. 10.49 8.77 d.l d.l
Sc 274.8 174.6 175.3 174.6 176.1 174.4 172.9 179.5 173.3 174.6 175.0 348.8 357.3 371.6 369.1 390.1 436.1 487.3 510.8 518.0 532.6
Ti 1.578 2.098 1.489 2.631 2.050 1.820 1.723 1.802 1.684 1.779 3.394 2.075 1.685 2.014 2.364 1.999 2.108 1.596 2.337 1.884 1.889
\% 0.109 0.080 d.L 0.062 d.l. 0.063 d.l. 0.039 0.077 0.086 d.l. 0.068 0.066 0.109 0.124 0.064 0.111 0.087 0.068 0.094 0.087
Cr 3.749 4.532 4.358 4.010 3.907 3.395 3.803 3.665 3.985 3.861 4.084 3.236 3.558 3.420 3.558 4.083 2.983 3.827 3.199 3.848 3.361
Mn 112.0 96.5 97.0 96.3 97.6 97.3 96.9 97.6 97.3 96.8 98.3 120.8 121.9 122.1 120.5 125.8 136.3 143.8 147.8 144.9 151.7
Fe 4841 4310 4367 4369 4377 4403 4302 4386 4359 4326 4483 5155 5107 5170 5203 5242 5550 5823 5933 5927 6071
Co 0.164 0.147 0.082 0.121 0.083 0.118 0.131 0.104 0.113 0.115 0.144 0.132 0.111 0.102 0.119 0.094 0.182 0.109 0.129 0.111 0.102
Ni d.l. d.l. d.l. 0.188 0.153 d.l. d.l. d.l. 0.202 d.l. d.l. d.l. d.l. 0.169 0.338 0.102 0.321 0.116 d.l 0.239 0.192
Cu 0.120 0.036 0.057 0.064 0.085 0.077 0.076 d.l. 0.060 0.163 0.055 0.037 0.149 0.034 0.132 0.026 0.169 0.035 0.092 0.070 0.043
Zn 132.9 149.1 148.2 145.9 148.9 149.8 144.5 148.3 149.0 149.6 157.6 136.2 131.8 129.4 124.0 125.9 123.7 117.5 1235 116.5 120.2
Ga 67.57 57.79 57.86 57.38 56.79 58.16 57.32 56.92 55.48 57.08 58.27 75.10 78.12 75.63 73.90 75.31 77.02 73.91 78.25 77.93 79.04
Ge 0.656 0.651 0.721 0.642 0.698 0.943 0.773 0.662 0.711 0.889 0.791 0.664 0.723 0.751 0.659 0.804 0.593 0.851 0.707 0.641 0.672
As 0.281 0.424 0.259 0.278 0.318 0.300 0.227 0.338 0.170 0.370 0.338 0.480 0.769 0.331 0.277 0.281 0.328 0.364 0.518 0.324 0.295
Rb 88.4 85.1 84.6 84.4 85.1 85.8 83.5 84.2 82.6 84.7 85.6 92.2 92.8 91.4 90.4 92.6 97.5 99.6 103.4 101.0 102.5
Sr 0.017 d.l d.l. d.l. 0.016 d.l. 0.018 0.005 0.012 0.019 d.L 0.005 0.013  d.l d.l. d.l. d.l. 0.005 d.l 0.018 0.018
Y 0.006 0.006 0.005 0.007 0.007 0.009 d.l 0.007 d.l d.l. d.l. d.l. d.l. 0.018 d.l 0.012 0.006 0.020 0.008 d.l d.l.
Zr 0.040 0.016 d.l 0.011 d.l d.l. 0.026 0.023 d.l. 0.019 0.043 d.l d.l. 0.012 d.l 0.017 d.l 0.028 d.l d.l. 0.038
Nb d.l. 0.010 d.l d.l. d.l. d.l. 0.010 0.014 0.006 d.l. 0.017 d.l d.l. d.l. d.l. d.l. d.l. d.l. 0.007 0.009 d.l.
Mo d.l. d.l. d.l. 0.023 d.l. 0.035 d.l. 0.022 0.053 d.l. d.l. d.l. d.l. d.l 0.041 0.037 d.l. d.l. 0.052 0.039 0.032
Sn 0.804 0.610 0.579 0.623 0.771 0.709 0.711 0.763 0.676 0.765 0.811 0.760 0.816 0.808 0.814 0.831 0.913 0.833 0.803 0.777 0.746
Sh d.l. 0.020 d.l 0.018 d.l. d.l. d.l. d.l. 0.026 d.l. 0.023 0.032 0.380 0.029 d.L 0.020 d.l. 0.021 d.L d.l. 0.023
Cs 484 426 418 421 424 425 422 424 422 425 433 547 566 557 557 572 591 599 626 623 638
Ba d.l. d.l. 0.034 d.l d.l. d.l. d.l. d.l. 0.026 d.l. d.l. d.l. d.l. d.l. 0.035 0.030 d.l d.l d.l 0.276 0.030
La d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Ce d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.011 d.l d.l. 0.005 d.l d.l. 0.012 0.007 d.l d.l.
Nd d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.012 0.016 0.014 d.l d.l. d.l. 0.015 0.037 d.l 0.013 d.l d.l. d.l. d.l.
Gd 0.071 d.L 0.109 d.L d.l. 0.109 0.034 d.l. d.l. 0.053 d.l 0.038 d.l. 0.093 0.043 d.l d.l. 0.029 d.L d.l. 0.064
Yb 0.078 0.028 d.l 0.070 d.l. d.l. d.l. 0.035 0.046 0.028 d.l. d.l. d.l. d.l d.l d.l. d.l. d.l. d.l d.l. 0.083
Hf d.l. 0.013 d.l 0.011 0.013 0.027 d.l. d.l. 0.030 d.l. d.l. 0.020 d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.010
Ta d.l. d.l. d.l. d.l. 0.009 d.l. d.l. d.l. 0.014 d.l. 0.015 d.l. 0.006 d.l. d.l. d.l. 0.006 d.l. 0.012 d.l d.l.
w 0.014 0.018 0.035 0.021 d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.038 0.035 0.029 0.050 0.032 0.018 d.l d.l 0.031 0.014
Pb 0.029 0.018 0.037 0.013 d.l 0.011 d.l 0.015 0.025 0.012 0.027 d.l 0.008 0.013 0.019 0.009 0.006 0.006 0.012 0.015 0.014
Bi d.l. d.l. d.l. 0.013 d.l. 0.009 d.l. 0.006 d.l. 0.021 0.061 0.008 0.010 0.021 0.013 0.009 d.l. 0.017 d.L d.l. 0.004
Th 0.007 d.l 0.007 d.l. 0.013 d.l. d.l. d.l. d.l. d.l. d.l. 0.015 0.006 d.l. 0.009 d.l. d.l. d.l 0.009 d.l. d.l.
U d.l. 0.004 d.l 0.005 0.005 0.006 d.l. d.l. 0.005 0.008 0.003 0.012 d.l d.l d.l 0.005 d.l. 0.007 d.l 0.006 0.004

94



Table C.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #5 #7 #7 #7 #7 #7 #7 #7 #7 #7
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD1 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2
Analysis 125 126 127 128 129 130 131 132 133 134 135 136 101 102 103 104 105 106 107 108 109
Point:
Crystal Inner Inner Inner Inner Inner Inner Inner Inner Inner Inner Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim
Zone: Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al-
tered) tered) tered) tered) tered) tered) tered) tered) tered)
Li 1444 1432 1439 1419 1434 146.0 1428 1420 1431 1383 1474 149.1 183.7 157.4 169.7 181.7 256.6 276.6 204.5 382.5 435.6
B 0.300 d.l. 0.830 d.l. 0.308 d.l. d.l. 0.365 0.233 0411 0671 d.. 6.525 6.188 6.223 5.418  10.398 7.020 9.407 6.791 7.903
Na 2108 2113 2154 2141 2165 2194 2208 2224 2248 2348 2475 2356 2268 2309 2701 2834 3016 2720 2914 3118 2927
Mg 48.3 47.3 475 46.5 47.4 47.2 47.5 47.6 45.6 46.1 56.0 51.5 43.8 123.6 126.7 66.1 117.5 64.2 111.3 84.7 81.2
P 1467 13.08 18.08 14.46 17.40 16.42 1592 16.69 1280 1597 17.21  13.39 17.36 17.66 30.61 22.82 21.81 23.90 23.19 2251 23.69
S 3277 3281 3292 3236 31.78 34.09 3283 3477 3281 34.00 3312 3114 49.33 53.24 52.61 49.83 41.78 49.35 52.13 50.59 47.67
K 128.0 1265 1269 126.2 1249 1269 1240 1253 1235 117.2 122.0 110.8 120.6 149.7 283.7 149.5 195.7 98.6 231.9 96.2 53.3
Ca d.l. d.l. d.l. 1487 1294 9.63 25,53 10.72 1373 1115 1945 18.15 d.. 64.71 43.98 19.88 37.28 21.49 d.l 19.94 20.50
Sc 530.1 541.1 551.8 547.0 549.4 5627 5584 5720 5751 571.6 5482 5055 332.6 348.9 412.5 467.6 361.8 310.5 493.9 281.6 174.8
Ti 1404 1.892 2107 2193 1.889 2970 2.094 1608 1.602 2987 1.707 2.801 2.563 2.286 2.500 2.779 4.562 2.006 3.286 2.835 2.826
\% 0.163 0.148 0.130 0.121 0.094 0.106 0.076 0.129 0.130 0.058 0.095 d.l 0.063 0.073 0.153 0.098 0.253 0.167 0.223 0.246 0.220
Cr 3491 3915 4151 3.360 3.772 2.892 3504 3.969 3489 3544 3.738 3.946 3.983 4.185 4.101 3.181 3.586 2.940 3.054 4.315 4.505
Mn 149.7 1509 153.0 1518 151.0 154.3 1535 1544 1538 153.1 186.3 177.1 139.4 147.1 190.2 188.6 218.7 173.8 224.3 192.2 158.8
Fe 6018 6129 6196 6139 6172 6237 6215 6250 6092 6124 6713 6373 4831 5422 6491 6691 6317 5503 6916 5416 4436
Co 0.511 0.103 0.100 0.098 0.111 0.141 0.093 0.119 0.101 0.070 0.196 0.176 0.106 0.076 0.136 0.134 0.127 0.208 0.194 0.171 0.207
Ni d.l. 0.179 0.116 0.177 0312 0.199 0.196 d.l. 0.285 d.l 0.235 0.203 0.255 0.427 d.l 0.589 0.377 d.l d.l. d.l. 0.337
Cu 0.102 0.106 0.070 0.102 0.109 0.070 0.122 d.L 0.090 d.l 0.053  0.107 0.193 0.481 0.447 0.198 0.707 0.142 0.229 0.295 0.654
Zn 118.9 115.4 120.7 121.4 120.5 122.2 122.5 124.1 119.9 121.0 128.1 130.7 114.5 121.6 111.7 113.9 88.29 61.63 78.25 48.11 31.54
Ga 7735 77.67 7873 79.06 80.26 82.03 80.01 80.66 7857 77.06 80.48 80.66 90.76 84.19 77.88 77.55 68.16 68.18 72.90 62.09 59.00
Ge 0.624 0.614 0.632 0.800 0.655 0.588 0595 0.841 0.635 0.719 0.742 0.913 0.888 0.570 0.391 0.818 0.624 0.561 0.791 0.562 0.601
As 0.337 0.284 0142 0242 0273 0322 0.205 0318 0.275 0.348 0.235 0.462 2.004 2.017 2.828 2.208 2.876 2.720 3.019 2.822 3.139
Rb 103.1 104.2 1053 103.6 1044 1059 1043 1047 1019 103.0 120.8 116.6 93.8 92.5 107.4 108.2 97.5 711 104.8 68.2 40.5
Sr d.l. d.l. d.l. d.l. d.l. 0.005 d.l d.l. d.l. d.l. 0.021  0.010 0.123 0.423 0.465 0.101 0.368 0.172 0.446 0.288 0.363
Y d.l. 0.005 d.l. d.l. d.l. d.l. 0.006  0.007 0.005 d.l 0.005  0.008 0.041 5.148  17.454 0.233 3.034 0.019 3.207 1.685 3.175
Zr d.l. 0.031 d.l 0.030 0.011 d.L d.l. 0.023 0.018 0.017 0.016 0.021 0.143 15970 73.061 0.789 8.436 0.141  11.144 4.477 8.296
Nb 0.013 0.012 0.010 0.011 0.019 0.019 d.l d.l. d.l. d.l. 0.013  0.009 0.169 1.388 4.847 0.374 1.113 0.088 1.324 0.714 1.211
Mo d.l. d.l. d.l. 0.026  0.047 d.l d.l. d.l. d.l. d.l. d.l. d.l 0.102 0.090 d.l d.l. d.l. 0.046 d.l. d.l 0.102
Sn 0.800 0.845 0.855 0.820 0.770 0.733 0.907 0.819 0.847 0.884 0.799 0.792 0.595 0.558 0.602 0.731 0.603 0.646 0.907 0.764 0.704
Sh d.l. d.l. d.l. d.l. d.l. d.l. 0.018 0.029 0.024 0.205 0.298 0.323 2.844 3.513 4.536 3.336 6.614 5.059 3.479 7.122 8.609
Cs 649 653 645 644 652 665 650 668 658 660 1318 1486 1049 1048 1028 1266 1405 1449 1287 1668 1771
Ba 0.095 d.l. 0.030 d.L 0.061  0.037 d.l 0.056 0.042 0.030 0.044 0.083 0.128 0.250 0.638 0.049 0.442 0.140 0.404 0.354 0.389
La d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.011 0.744 0.135 0.021 0.901 d.l 0.255 0.039 0.696
Ce d.l. d.l. 0.004 0.008 d.l d.l. d.l. d.l. 0.009 0.006 d.l d.l d.l. 0.218 0.308 0.038 0.142 0.010 0.357 0.061 0.168
Nd d.l. d.l. 0.017  0.017 d.l d.l. d.l. d.l. 0.014  0.025 d.l d.l d.l 0.641 0.288 0.019 0.412 d.l. 0.286 0.102 0.632
Gd 0.071  0.035 0.044 d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l 0.041 0.520 0.864 d.l. 0.087 0.112 0.246 0.092 0.269
Yb d.l. d.l. d.l. d.l. 0.030 d.l. d.l. d.l. d.l. d.l. 0.026 d.l. d.l 1.020 3.039 0.040 0.479 d.l. 0.645 0.325 0.575
Hf d.l. d.l. 0.013 0.026 0.011 0.011 0.032 0.019 d.. 0.025 d.l 0.040 0.052 5.306  22.130 0.262 3.415 0.050 2.908 1.915 3.086
Ta 0.011  0.009 d.l 0.011 d.L 0.009 0.006 d.l 0.006  0.010 d.l 0.019 0.178 0.246 1.088 0.114 0.337 0.161 0.247 0.276 0.357
w d.l. 0.046 d.l. d.l. d.l. 0.018 0.015 0.019 0.031 0.023 0.032 d.l. d.l. d.l. 0.137 d.l. 0.133 d.l d.l. d.l. 0.077
Pb 0.017 d.l 0.016 0.015 d.l 0.013 0.018 0.014 0.065 0.017 0.017 0.016 0.211 0.632 0.996 0.137 0.683 0.154 3.002 0.278 0.394
Bi d.l. 0.006 d.l. d.l. 0.004 d.l. 0.005 d.l. 0.004 0.014 d.l 0.005 0.082 0.276 1.480 0.098 0.263 0.046 0.343 0.202 0.278
Th d.l. d.l. 0.017 0.011 0.020 d.l d.l. d.l. d.l. d.l. d.l. d.l 0.021 2.074 5.781 0.117 1.135 0.042 1.160 0.651 1.197
U d.l. d.l. d.l. 0.006 d.l. d.l 0.009 d.l. d.l d.l d.l. d.l 0.060 0.523 1.944 0.184 0.357 0.051 0.446 0.136 0.236
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Table C.1 continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2
Analysis 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130
Point:
Crystal Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim Outer  Outer  Outer Outer Outer Outer  Outer
Zone: (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- Core Core Core Core Core Core Core
tered) tered) tered) tered) tered) tered) tered) tered) tered) tered) tered) tered) tered) tered)
Li 410.6 287.7 2375 286.5 357.9 340.4 462.6 375.6 352.6 321.2 395.8 535.0 424.9 4151 160.3 1385 127.8 134.7 127.8 1333 134.0
B 7.736 17.176 10.066 10.216 7.289 2.727 10.676 6.621 4702 10.377 16.340 17.436 10.503 4350 4.419 1.494 1.195 0.254 0.536 1.054 0.260
Na 3648 2716 2701 3316 3720 3189 2995 3105 2564 2627 3003 3693 2929 2993 3106 2980 2978 3026 2922 2967 2971
Mg 98.0 67.6 79.1 83.2 91.3 95.8 64.4 89.0 73.3 72.1 73.9 77.6 60.6 67.2 98.9 99.4 103.5 104.5 104.6  103.2  104.7
P 20.55 23.10 19.27 17.64 23.62 33.37 21.88 25.22 17.88 19.62 20.46 17.63 16.01 16.85 23.06 20.35 24.59 17.05 18.44  17.23  16.96
S 44.95 48.27 47.99 49.74 46.09 57.09 48.83 46.92 49.65 41.19 45.84 48.29 46.08 46.85 47.44 46.23 113.23 104.66 100.65 93.70  93.27
K 120.7 73.6 101.0 135.9 144.3 91.7 34.2 49.4 21.0 48.4 52.9 81.5 26.2 44.0 177.4 184.0 176.6 193.2 180.1 1879 199.3
Ca 23.16 d.l. d.l. 17.28 31.52 32.46 12.56 26.52 d.l. 23.77 13.13 2511 d.l. 16.63  d.l 15.69 10.81 16.00 29.10 d.l 31.40
Sc 350.0 250.1 316.3 442.6 419.4 322.3 146.6 217.6 120.0 162.4 167.4 245.5 112.1 163.8  485.9 4728 538.9 517.1 5229 508.6 523.4
Ti 2.373 2.565 2.315 2.767 2.454 7.051 2.066 1.698 0.932 2.256 2.057 3.057 1.605 2188 4.269 1.982 3.298 2.140 3.813 3436 2.942
\Y 0.238 0.174 0.261 0.298 0.204 0.043 0.180 0.337 0.217 0.181 0.193 0.208 0.208 0.218 0.283 0.231 0.160  0.286 0.194 0.220 0.179
Cr 3.242 3.811 3.677 3.415 4.336 3.486 3.848 3.373 3.741 3.575 3.298 3.716 3.667 3.167 4.225 3.315 3.502 4.662  4.017 3566 5.079
Mn 225.4 177.4 191.2 210.0 334.4 357.6 162.9 187.8 135.7 140.6 150.0 161.3 130.6 136.6 182.6  179.7 190.6 193.2 188.6 189.2 193.0
Fe 6379 5264 6081 6603 6892 5934 4134 5495 4410 4805 4879 5339 4201 4568 7018 7157 7624 7598 7479 7443 7606
Co 0.144 0.159 0.184 0.221 0.180 0.247 0.106 0.313 0.158 0.112 0.147 0.187 0.174 0.202 0.139 0.196 0.119 0.134 0.166 0.139 0.114
Ni d.l. 0.262 d.l d.l. 0.335 0.923 0.215 0.191 d.l. d.l. d.l. 0.275 0.204 0.194 0.297 0.212 d.. d.l. 0.189 0.094 0.191
Cu 0.381 0.172 0.090 0.221 0.676 2424 0.154 0.142 0.150 0.131 0.086 0.202 0.043 0.116 0.071  0.084 0.172 0.163 0.089 0.066 0.103
Zn 49.93 39.84 42.20 41.55 48.76 38.80 24.59 32.92 24.16 28.87 25.75 31.54 21.33 2446 54.82 58.62 68.78 64.40 62.56 63.42 63.63
Ga 71.04 58.98 53.99 72.15 68.75 60.69 64.61 50.83 51.05 47.45 53.19 77.11 66.95 67.33 67.40 65.79 73.48 70.38 70.42 70.00 73.00
Ge 0.525 0.627 0.543 0.536 0.881 1.244 0.504 0.603 0.432 d.l 0.472 0.664 0.386 0.433 0.479 0.646 0.596  0.655 0.764 0.819 0.698
As 1.999 3.642 2.753 2.303 4.999 7.248 3.875 2.388 1.742 3.202 3.948 4.255 2.834 1.828 1.583 1.112 1.773 1.174 1.148 0.903 0.920
Rb 86.0 61.3 71.9 95.6 92.7 63.4 30.9 44.1 215 35.7 40.1 57.9 241 350 106.6 110.3 117.1 121.9 1182 1205 1223
Sr 0.164 0.128 0.098 0.052 0.264 0.228 0.138 0.181 0.066 0.147 0.153 0.156 0.108 0.123  0.089 0.011 0.011 0.016 0.015 d.l 0.007
Y 2.002 0.036 0.015 d.L 0.535 3.148 1.581 0.123 0.010 0.021 d.L 0.028 0.009 0.109 0.089 0.028 d.. d.l. 0.022 0.015 0.007
Zr 6.114 0.110 0.030 0.040 1.257 7.284 4.414 0.317 0.077 0.086 d.l. 0.031 0.036 0.303 0.327 0.025 0.066  0.023 0.013 d.l 0.022
Nb 0.719 0.092 0.048 0.054 0.782 1.204 0.490 0.201 0.076 0.071 0.043 0.072 0.032 0.105 0.120 0.031 0.086  0.011 d.l. d.l. d.l.
Mo 0.428 0.051 0.052 0.041 0.033 0.127 d.l d.l. 0.037 d.l d.l. d.l d.l d.l. d.l 0.056 0.063 d.l. d.l. d.l. d.l
Sn 0.570 0.633 0.681 0.669 0.700 0.805 0.393 0.468 0.617 0.406 0.728 0.526 0.590 0.672 0.693 0.770 0.783  0.666 0.777 0.654  0.600
Sh 4.806 5.286 4.035 2.515 7.922 12,945 4.331 6.133 3.591 5.129 5.819 7.696 4.422 3.398 3.720 1.151 1.847 0.428 0.469 0.176 0.374
Cs 1493 1808 1841 1462 1406 1363 1727 2184 1973 1828 1914 1556 1511 1589 583 508 518 528 504 514 525
Ba 0.296 0.048 0.053 d.l 0.112 d.L 0.055 0.087 d.l. d.l. 0.091 0.153 0.084 0.141 0.141 d.L 0.064 d.l. d.l. 0.100 d.l.
La 0.102 0.008 0.007 d.l. 0.012 1.167 0.124 0.017 d.l. 0.013 d.l d.l. d.l. 0.015 0.011 0.013 d.L 0.012 d.l 0.008  0.013
Ce 0.095 d.l. d.l. d.l. 0.024 0.252 0.063 0.012 d.l. d.l. d.l. 0.007 0.007 d.l. 0.013  0.008 0.017 0.009 d.l 0.019 d.l
Nd 0.031 0.033 0.024 0.016 0.048 0.826 0.075 0.020 d.l. d.l. 0.033 0.023 0.039 d.l 0.016 d.l. d.l d.l. d.l. 0.011 d.l
Gd 0.178 0.055 0.120 0.103 d.l. 0.395 0.081 d.l. d.l. d.l. 0.051 d.l 0.089 d.l. d.l d.l. d.l. 0.037 d.l d.l. d.l.
Yb 0.335 d.l 0.034 d.l d.l. 0.684 0.436 d.l. d.l. d.l. 0.054 0.054 0.069 0.086 0.033 d.l 0.085 d.l. 0.048 0.056 0.038
Hf 2.064 0.021 0.044 0.038 0.701 2.789 1.632 0.120 d.l 0.014 0.016 0.049 0.058 0.158 0.186  0.038 0.036  0.014 0.022 0.042 0.048
Ta 0.216 0.119 0.090 0.052 0.271 0.488 0.115 0.059 0.054 0.060 0.125 0.115 0.064 0.123 0.110 0.014 0.213  0.013 0.086 0.048 0.071
w 0.102 0.079 0.050 0.069 d.l. 0.077 d.l 0.079 d.l. d.l. 0.095 0.044 d.l. d.l. d.l. d.l. d.l. 0.028 d.l. d.l. d.l.
Pb 0.216 0.097 0.058 d.l. 0.223 0.376 0.133 0.099 0.093 0.167 0.103 0.075 0.017 0.066 0.051 0.020 d.. d.l. d.l d.l. d.l.
Bi 0.228 0.033 0.014 d.l 0.033 0.232 0.149 0.025 0.034 0.016 0.012 d.l. 0.019 0.029 0.015 d.l d.l 0.007 d.l d.l. 0.008
Th 0.811 0.022 0.019 0.008 0.205 1.054 0.585 0.034 0.018 0.029 0.034 0.015 0.041 0.046  0.042 d.l d.l d.l. 0.009 0.018 d.l.
U 0.162 0.014 0.024 0.015 0.066 0.242 0.096 0.012 0.016 0.007 0.016 0.012 0.019 0.019 0.019 d.L 0.210 d.l. d.l. d.l. d.l.
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Table C.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2
Analysis 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151
Point:
Crystal QOuter QOuter QOuter QOuter QOuter Quter Outer Outer Core Core Core Core Core Core Core Core Core Core Core Core Core
Zone: Core Core Core Core Core Core Core Core
Li 132.4 141.7 127.0 146.0 150.9 134.4 137.6 136.9 137.8 140.0 144.9 141.0 139.9 140.5 137.6 141.0 140.6 141.1 142.4 137.8 139.1
B d.l. 0.939 0.480 2.261 0.610 0.672 0.755 0.391 0.359 0.277 2.984 0.398 2.355 0.254 1.123 0.845 0.936 d.l. 0.670 0.690 0.724
Na 2950 2884 2651 2964 2830 2836 2817 2821 2576 2433 2590 2494 2500 2537 2523 2535 2480 2503 2518 2462 2531
Mg 105.9 104.7 111.5 103.3 101.7 99.5 102.4 105.3 102.1 104.2 99.6 100.9 100.3 101.5 101.8 100.4 100.3 101.4 101.6 99.6 102.2
P 19.64 15.90 18.80 14.84 15.93 12.16 15.87 13.36 18.38 18.24 18.44 15.82 18.54 17.48 17.06 17.41 18.27 13.53 18.05 16.54 18.16
S 85.08 84.72 86.87 74.60 75.36 73.91 74.16 77.63 78.01 84.49 80.50 78.65 76.91 81.80 79.10 78.08 78.82 77.09 79.74 79.81 80.65
K 192.9 191.2 177.4 179.6 140.6 181.0 180.1 188.3 170.3 155.9 127.6 149.0 157.6 158.4 153.2 154.1 157.6 160.7 160.2 159.6 161.7
Ca 22.54 9.38 d.l 11.65 28.49 24.43 22.44 14.38 15.69 d.l d.l. 8.50 18.83 22.46 28.36 21.89 31.21 14.60 17.86 12.62 d.l.
Sc 506.3 499.3 507.6 470.8 456.7 436.3 437.5 466.0 336.4 223.1 216.8 216.8 218.9 223.0 219.9 218.6 214.2 217.3 218.7 215.2 246.1
Ti 2.509 2.525 2.513 2.717 2.182 2.189 2.425 2.584 2.438 2.954 3.068 2.899 2.489 3.809 2.724 2.365 2.791 2.252 2.702 3.414 2.294
\% 0.277 0.213 d.l. 0.211 0.306 0.241 0.226 0.149 0.169 0.109 0.125 0.092 0.097 0.105 0.107 0.070 0.082 0.137 0.103 0.109 0.180
Cr 4.193 4.262 3.234 3.638 3.480 3.953 3.272 3.253 4.341 4.163 3.456 3.598 3.443 3.594 4.089 3.567 3.328 3.853 4.344 3.979 3.494
Mn 188.7 187.9 196.2 185.3 177.4 180.3 178.9 182.2 155.6 139.1 134.8 136.2 140.5 139.4 138.3 137.3 136.8 135.8 137.1 134.7 142.9
Fe 7524 7423 7224 7328 7152 7275 7190 7267 6580 6044 5955 5883 6011 6014 5988 6040 5947 5937 5993 5987 6092
Co 0.074 0.130 0.177 0.095 0.178 0.268 0.164 0.141 0.132 0.176 0.211 0.104 0.132 0.216 0.112 0.123 0.205 0.150 0.097 0.154 0.111
Ni 0.172 0.159 0.233 0.188 0.175 0.081 0.156 0.246 0.146 0.138 d.l 0.103 0.375 0.175 0.176 0.258 d.l. d.l. 0.118 0.410 0.379
Cu 0.232 0.174 0.032 0.170 0.145 0.063 0.109 0.025 0.080 0.095 0.051 0.090 0.098 0.131 0.154 0.106 0.132 0.075 0.089 0.053 d.l.
Zn 64.37 63.77 58.16 61.30 57.81 57.95 58.02 60.39 64.23 68.95 67.29 66.64 65.69 65.94 67.50 66.92 65.08 66.30 66.96 64.17 63.62
Ga 69.87 70.43 66.45 67.86 66.12 66.66 66.61 68.57 58.36 51.29 50.51 49.99 49.65 51.69 50.52 51.74 51.04 50.30 50.90 50.07 53.80
Ge 0.787 0.669 0.566 0.586 0.511 0.686 0.704 0.880 0.708 0.755 0.631 0.728 0.656 0.629 0.653 0.577 0.658 0.650 0.710 0.717 0.779
As 0.863 0.924 0.812 0.776 0.865 0.769 0.789 0.810 0.608 0.643 0.827 0.721 0.600 0.809 0.954 0.698 0.592 0.661 0.659 0.743 0.725
Rb 120.2 120.5 113.1 121.6 117.7 113.9 117.2 117.2 107.3 102.1 103.2 100.6 100.9 101.7 100.0 101.9 101.0 101.9 101.1 100.1 102.3
Sr 0.032 0.101 0.015 0.054 0.013 0.013 0.008 d.l. d.l. 0.014 0.013 d.l 0.013 0.011 0.009 d.l d.l. 0.012 d.l d.l. d.l.
Y 0.067 0.319 0.179 0.036 d.l. d.l. d.l. d.l. d.l. d.l. 0.011 d.l 0.006 0.020 d.l. 0.020 0.011 0.013 d.l d.l. 0.009
Zr 0.249 0.872 0.559 0.196 0.025 d.l. d.l. 0.028 0.016 d.l 0.032 d.l d.l. d.l. d.l. d.l. d.l. 0.036 d.l. 0.033 d.l.
Nb 0.070 0.213 0.160 0.153 0.018 d.l. 0.038 0.024 0.014 d.L 0.021 0.027 d.l 0.013 0.025 d.l 0.021 d.l. d.l. 0.022 d.l.
Mo d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.051 0.055 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Sn 0.743 0.763 0.744 0.637 0.733 0.740 0.632 0.747 0.669 0.609 0.584 0.726 0.637 0.727 0.642 0.783 0.598 0.732 0.604 0.748 0.767
Sb 0.310 1.025 0.847 0.420 0.226 0.126 0.189 0.141 d.l. d.l. 0.188 0.195 d.l 0.124 0.530 0.167 0.132 0.060 0.056 0.204 0.339
Cs 527 551 526 561 561 504 505 501 435 374 375 366 371 374 379 388 371 371 374 376 391
Ba 0.042 0.054 d.l. 0.291 0.059 d.l 0.082 0.071 0.039 d.l 0.067 d.l 0.060 d.l 0.123 d.l. d.l. d.l. d.l. d.l. d.l.
La d.l. 0.014 0.097 0.025 d.l. d.l. d.l. d.l. 0.008 d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.008 d.l. 0.008 d.l. d.l.
Ce 0.011 d.l. 0.009 d.l. d.l. d.l. d.l. d.l. d.l. 0.004 0.007 d.l. d.l. d.l. 0.007 d.l. 0.013 0.005 0.006 d.l. d.l.
Nd d.l. d.l. 0.023 0.041 d.l. 0.013 d.l d.l. 0.021 d.L d.l. d.l. d.l. d.l. 0.035 d.l. d.l. d.l. 0.011 d.l. d.l.
Gd d.l. d.l. 0.043 d.l. 0.071 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.036 0.074 0.037 d.l. 0.053
Yb 0.049 0.060 0.033 0.029 0.183 0.075 0.042 d.L d.l. d.l. d.l. 0.061 0.042 0.050 d.l 0.069 d.l 0.075 d.l. 0.112 0.082
Hf 0.057 0.536 0.386 0.361 d.l. d.l. 0.032 d.l 0.027 d.l 0.044 0.021 d.L d.l. d.l. 0.036 0.042 0.025 0.028 0.036 0.031
Ta 0.046 0.041 0.037 0.161 0.163 0.046 0.034 0.017 0.005 0.013 0.036 0.022 d.l 0.025 0.037 0.104 0.013 d.l d.l. 0.078 0.036
w d.l. 0.099 d.l. d.l. 0.035 0.026 d.l. 0.049 d.l d.l. d.l. d.l. d.l. 0.033 d.l d.l. d.l. d.l. d.l. 0.044 d.l.
Pb 0.074 d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.416 d.l 0.309 d.l d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
Bi 0.067 0.026 0.017 0.019 0.008 d.l. d.l. 0.008 0.010 d.l 0.009 0.008 0.027 d.l 0.009 d.l. d.l. d.l. d.l. d.l. 0.010
Th 0.021 0.124 0.035 0.017 0.007 0.019 0.011 d.L 0.011 d.L 0.006 0.011 0.017 d.l d.l. d.l. d.l. 0.010 0.009 0.009 0.008
U d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l.
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Table C.1 Continued.

Sample:  Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl Beryl
#7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7 #7
CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM- CBM-
GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2 GD2
Analysis 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172
Point:
Crystal Outer  Outer Outer Outer Outer Outer Outer Outer Outer Outer Outer Rim Rim Rim Rim Rim Rim Rim Rim Rim Rim
Zone: Core Core Core Core Core Core Core Core Core Core Core (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al- (Al-
tered) tered) tered) tered) tered) tered) tered) tered) tered) tered)
Li 129.0 126.6 133.3 1323 1425 1388 139.7 1349 1326 1403 135.7 313.3 367.8 390.5 378.6 549.1 529.0 242.4 194.5 177.7 49.1
B 4331 1274 1699 0432 0.691 1553 7.748 d.. 2.169 1.672 1534 7.935 15.661 10.558 9.507 7.906 9.573 12.572 6.487 3.626 2.889
Na 2731 2809 2913 2831 3035 3260 3360 3190 3323 3483 3418 3024 2921 3240 3611 3614 3598 3306 3022 2770 827
Mg 101.8 103.3 103.4 1050 100.6 111.6 1206 1189 1224 120.1 117.7 84.9 71.6 76.2 95.5 95.8 73.4 80.5 72.3 62.3 45.8
P 13.88 1943 16.23 1655 17.82 14.05 21.92 1587 14.85 16.53 20.54 13.99 18.33 18.16 21.19 20.81 23.23 19.30 17.77 19.38 16.19
S 7752 7593 7581 7551 73.68 7358 79.28 7421 7884 76.07 73.38 73.86 72.95 74.89 77.23 72.27 74.35 76.69 75.28 74.35 66.34
K 1959 1767 186.3 188.6 1948 206.2 2169 2116 2095 2240 2153 96.4 727 84.3 1455 69.6 100.3 157.6 155.5 143.6 46.1
Ca 24.07 8.49 11.80 d.. 19.14 d.l 8.47 d.l d.l. d.l. 17.24 18.78 12.13 19.79 d.l 67.28 d.l 21.22 9.64 17.45 d.l
Sc 458.1 490.0 480.0 486.0 487.3 587.7 6811 6781 698.0 7103 719.2 285.1 223.4 250.4 465.2 236.3 322.4 475.0 488.9 464.6 160.5
Ti 2356 2137 2684 2689 4119 3515 3222 3.020 2.639 3.057 3.118 2.394 2.524 1.889 2.647 3.678 2.690 2.642 2.553 3.385 2.269
\Y 0.188 0.170 0.226 0.204 0.202 0.185 0.209 0.282 0.243 0.310 0.244 0.290 0.192 0.329 0.250 0.143 0.207 0.208 0.151 0.119 0.049
Cr 3.286 3.437 4205 3.117 2946 3312 3.690 3.631 3.841 3.983 3.635 3.219 2.965 2.827 3.737 3.290 2.963 3.567 3.332 2.884 2.833
Mn 1747 180.3 1824 180.6 187.5 207.7 2248 2225 221.3 228.0 2234 170.8 150.4 167.1 239.8 252.5 183.1 212.2 202.2 183.8 53.5
Fe 7020 7152 7344 7331 7412 7840 8521 8473 8437 8535 8429 5835 5114 5609 7050 4857 5565 7330 7080 6709 2134
Co 0.156 0.161 0.155 0.124 0.189 0.119 0.138 0.184 0.126 0.087 0.094 0.119 0.159 0.225 0.144 0.186 0.129 0.140 0.175 0.202 0.024
Ni 0.375 d.l. 0.209 0.256 0.211 0.118 0.175 d.. 0.142 0365 d.. d.l. d.l. 0.297 0.138 0.431 0.163 0.180 d.l. 0.205 0.456
Cu 0.078 d.l. d.l. d.l. 0.158 0.151 0.132 0.192 0.116 0.223  0.070 0.098 0.098 1.144 0.146 0.505 0.560 0.076 0.247 0.218 0.394
Zn 59.66 57.56 60.22 59.55 5839 59.11 56.79 57.35 57.65 57.18 58.68 30.25 28.71 26.87 43.84 31.82 46.14 73.36 91.55 102.9 40.19
Ga 63.23 67.64 6874 6858 65.84 6840 7208 7180 73.03 73.79 7173 59.97 60.15 65.03 77.03 75.75 84.43 77.67 78.99 78.58 27.07
Ge 0.729 0.705 0.600 0.791 0.863 0.671 0.634 0.875 0.664 0.667 0.749 0.451 0.423 0.576 0.726 0.685 0.579 0.626 0.640 0.691 1.556
As 1663 0598 0.758 0.635 0.616 1.074 1.718 0.803 1.021 0.966 0.875 2.245 3.209 2.273 3.259 3.637 3.904 3.234 2.192 1.651 0.671
Rb 113.0 1143 1172 1185 1202 1284 1329 1326 1322 1364 1348 68.5 57.0 64.1 106.2 53.3 75.0 122.8 117.9 112.2 35.2
Sr 0.024 d.l. d.l. d.l. d.l. 0.024 0.024 d.l. 0.024 0.022  0.009 0.105 0.168 0.051 0.188 0.544 0.354 0.235 0.207 0.115 0.052
Y d.l. d.l. d.l. d.l. 0.006 0.009 d.l 0.017 d.l d.l. d.l. 0.006 0.009 0.018 0.599 2.291 0.404 0.009 d.l. 0.008 4.769
Zr d.l. 0.019 d.l d.l. d.l. d.l. 0.059 d.l d.l. d.l. 0.064 0.025 d.l. d.l. 1.323 5.147 0.877 0.033 0.027 0.024 3.156
Nb d.l. d.l. 0.021 0.014 0.012 0.030 0.021 d.L 0.010 0.012 0.025 0.035 0.022 0.047 0.242 0.856 0.248 0.074 0.033 0.029 0.230
Mo d.l. 0.069 d.l d.l. d.l. d.l. d.l. 0.051 d.l d.l. d.l. d.l d.l d.l d.l. 0.046 d.l. d.l d.l. d.l. 0.506
Sn 0.864 0.907 0.736 0.620 0.746 0.775 0.679 0.710 0.664 0.713 0.646 0.683 0.747 0.602 0.688 0.653 0.763 0.609 0.850 0.792 0.546
Sh 0.594 0353 0.735 0.243 0.924 2155 1672 0.264 0.689 1.063 0.765 4.754 5.260 3.839 6.069  10.078 9.931 7.075 6.278 5.336 2.644
Cs 466 484 496 511 549 593 637 604 582 627 628 1666 2014 1645 1440 1512 1532 1284 1336 1301 341
Ba d.l. 0.050 d.l 0.080 d.l. d.l. 0.092 d.l d.l. d.l. 0.037 0.048 d.l d.l 0.169 0.353 0.039 0.053 d.l. 0.078 0.102
La d.l. d.l. 0.006 0.008 d.l d.l. d.l. d.l. d.l. 0.025  0.006 0.010 d.l d.l 0.006 0.048 0.032 d.l d.l. 0.008 0.219
Ce d.l. 0.012 0.005 0.012 0.006 0.007 d.l d.l. d.l. d.l. 0.005 0.005 0.008 d.l. 0.011 0.042 0.013 d.l 0.008 0.050 0.075
Nd 0.015 0.031 d.l d.l. d.l. d.l. 0.026 0.036 d.l. 0.037 d.l 0.017 d.l 0.018 0.030 0.083 d.l. 0.010 d.l. d.l. 0.282
Gd d.l. d.l. 0.037 0.118 d.l. 0.058 d.l. 0.074 d.l 0.169 d.l d.l 0.071 d.L 0.094 0.096 0.130 d.l 0.043 0.065 0.454
Yb 0.042 0.031 0.043 0.043 d.l 0.116 0.031 0.062 d.l. d.l. 0.037 0.054 0.036 d.l 0.153 0.412 0.133 d.. 0.072 0.048 0.411
Hf d.l. 0.058 0.019 d.L 0.033 0.036 0.014 d.. 0.033 0.031 0.019 0.035 0.025 0.022 0.500 1.851 0.344 d.l d.l. 0.021 0.993
Ta d.l. 0.086 0.032 d.L 0.012 0.026 0.033 0.034 0.024 0.035 0.020 0.093 0.182 0.046 0.103 0.311 0.245 0.114 0.071 0.074 0.041
w d.l. 0.047 d.l d.l. d.l. 0.048 0.055 d.l. d.l. 0.042 d.l d.l. d.l. 0.069 d.l d.l. d.l. d.l. 0.028 d.l. d.l.
Pb d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.050 d.l. d.l d.l 0.074 0.093 0.363 0.269 0.058 0.086 0.108 0.196
Bi 0.015 0.010 0.007 d.l d.l. 0.021 0.017 0.023 0.006 0.006 0.009 d.l d.l d.l 0.042 0.127 0.071 0.011 0.016 0.014 0.103
Th 0.006 0.005 0.008 d.l d.l. 0.015 d.l. d.l. d.l. d.l. 0.008 d.l. 0.008 0.010 0.167 0.470 0.070 d.l d.l. 0.012 0.273
U d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. d.l. 0.042 0.159 d.l. d.l. d.l. d.l. 0.082
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APPENDIX D
STEPBY-STEP OUTLINE OF RECALCULATION METHOD FOR EMPA DATA
x Data was normalized based on 6 Si apfu, assuming ideal beryl formula.
0 Becacwas estimated by BeO wt.% =100 -2W KHU R [LIE&20D vi2 06
o H20 wt.% was adjusted to satisfy charge balance based on 18 O apfu while
simultaneously maintaining 6 Si apfu.
X Li*cacwas estimated as lehic = 3 B caic
0 As Li*cacwas small, the resulting charge imbalance it produced was considered
negligible.
x Cations were assigned to specific crystallographic sites.
o All Li and Be were assigned to tAe-site.
o Al was assigned mostly to ti@site as’Al apfu =2+ 0& +F&" + Ca* +
Mg?* + S¢™) apfu.
o Remaining Al was assigned to thé-site as'*Al®" apfu = APF*rapfu -CAIS*
apfu.
f Since™AlI®* was small, Si values were left as 6 apfu and the
stoichiometric error oT 1-site > 6 apfu was considered negligible.
o Some Fé& was converted to Beso that sufficient Nawas available to complete
coupled substitution of Fifor Be?* on theT2-site.
f The charge imbalance from converting’Re Fé* was considered

negligible.
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APPENDIX E

COMPARISON PLOTS OF BERYL EMPA AND LA-ICP-MS DATA IN APFU

Figure E.1: Plots comparing EMPA and LA-ICP-MS data, recalculated into apfu as described in
Section 2.5.5 and Appendix D, for major substituent elements along parallel traverses in Beryl 1.
The aligned points and similar trends give good confidence in both data collection methods.
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Figure E.2: Plots comparing EMPA and LA-ICP-MS data, recalculated into apfu as described in
Section 2.5.5 and Appendix D, for major substituent elements along parallel traverses in Beryl 5.
The aligned points and similar trends give good confidence in both data collection methods.
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Figure E.3: Plots comparing EMPA and LA-ICP-MS data, recalculated into apfu as described in
Section 2.5.5 and Appendix D, for major substituent elements along parallel traverses in Beryl 7.
The aligned points and similar trends give good confidence in both data collection methods.
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